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ABSTRACT 
 
Interest in biofuels research has increased in the era of uncertainty of the current fossil 
fuel sustainability and global climate concerns. Microalgae offer advantages over terrestrial 
plants as a potential source of biomass-based fuel. In this study, a Louisiana native 
microalgae/cyanobacteria (Chlorella vulgaris/Leptolyngbya sp.) co-culture was examined to 
provide foundational information of its growth conditions. 
Batch studies were conducted to determine optimum nitrogen and irradiance level that 
yields maximum co-culture biomass growth and productivity under aerated and non-aerated 
conditions. The optimum nitrogen level was 2.94 mM N and the optimum initial scalar irradiance 
range was between 400 – 800 µmol m-2 s-1 with continuous CO2-enriched aeration 2% v/v. Batch 
studies of the co-culture growth in heterotrophic and mixotrophic growth regime was also 
conducted with the addition of dextrose and sodium acetate. Louisiana native co-culture was 
capable of heterotrophic and mixotrophic growth, with maximum biomass concentration and 
neutral lipid production (2,113 g m
-3
 and 24.1 g m
-3
 d
-1
 respectively) achieved with the addition 
of 2,120 g m
-3
 sodium acetate which corresponds to C:N mass ratio of 15:1 under mixotrophic 
condition with N= 2.94 mM = 41.16 g m
-3
. 
The study of the Louisiana native co-culture continuous production in Hydraulically 
Integrated Serial Turbidostat Reactor (HISTAR) system was also conducted. The HISTAR 
system demonstrated the ability to maintain growth of Louisiana native co-culture. 
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1. GLOBAL INTRODUCTION 
1.1. Background 
The United States started its biofuel development program in the 1970s in response to the 
Organization of the Petroleum Exporting Countries (OPEC) driven increase in fuel prices and the 
concern about domestic energy security (Huang et al. 2012). The initial focus was on bioethanol 
production. In the year 2000, the annual production of ethanol in the United States reached 5.3 
million metric tons, and by 2008 the annual production of ethanol in the United States had 
steadily reached 29.5 million metric tons in addition to 2.9 million metric tons of biodiesel (US 
Renewable Fuels Association 2010). The interest in biofuels has increased in the era of the 
current uncertainty of fossil fuel sustainability as crude oil prices spiked as high as $ 0.91 L
-1
 in 
2008 and now fluctuates around $ 0.54 L
-1
 in 2012 for Cushing crude oil (http://www.eia.gov). 
In 2012, the Environmental Protection Agency (EPA) in the Renewable Fuel Standard 2 (RFS2) 
determined a target of approximately 136 billion liters of renewable fuel to be blended into 
transportation fuel by 2022, where only 61 billion liters is projected to be supplied from 
cellulosic biofuels (EPA 2012). Thus, the other 75 billion liters of biofuel needs to come from 
other renewable sources. This creates an opportunity for the development of other biomass-based 
renewable fuels that has the potential to fulfill the 75 billion liters target, especially biomass 
sources that can be utilized in other industrial applications. 
The first generation of biofuels was produced primarily from food crops such as corn 
kernels, palm oil, oilseed rape, or soybeans. The biofuel type ranges from ethanol, which 
contributes the largest volume of biofuel production (mainly from  sugarcane and corn kernels), 
biodiesel from raw vegetable oils and fats, or biogas produced from anaerobic digestion of 
organic biomass waste (Sims et al. 2008). The production of first generation biofuels has led to 
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several concerns (Sims et al. 2008; Gouveia 2011): 1) the feedstock are food crops (leading to 
food security/shortages); 2) concern of deforestation and habitat loss from land use; 3) questions 
of its true production cost excluding government subsidies; and 4) questions regarding 
production of sustainable biomass. The use of a food crop that could contributes to food 
shortages was a main concern, thus second generation of biofuels were introduced, which utilize 
sustainable feedstocks. Sustainable feedstocks include ligno-cellulosic materials (biomass from 
woody or fibrous plant materials, e.g. corn stover, jatropha, switchgrass, cereals), agricultural 
residual feedstock (e.g. stems, leaves, husks), or forest industrial waste (e.g. woodchips, skins, 
pulps). The second generation biofuels are generally utilized via gasification (producing syngas 
used in Fischer-Troph products), pyrolysis (burning organic material in the absence of oxygen), 
or biochemical routes with alcohol products such as ethanol and butanol (Naik et al. 2010). 
Although second generation biofuels use non-food crops as the feedstock, the efficiency is low 
as it is difficult to extract the sugars located in ligno-cellulose (needing special enzymes), and the 
cost of production is higher than the first generation biofuels (Hertwich and Zhang 2009; Pienkos 
and Darzins 2009; Naik et al. 2010). 
The limitations of the first and second generation biofuels opened the door for the 
development of third generation biofuels, which are derived from microbes and microalgae 
(Dragone et al. 2010; Nigam and Singh 2011). The discussion here will focus on microalgae. The 
large cultivation area needed to produce the targeted biofuel amount from terrestrial plants and 
ligno-cellulosic materials (first and second generation biofuels) is one problem, while the 
conflicted use of terrestrial plants leading to food shortages is another problem. Microalgae offer 
advantages compared to previous biofuel sources: 1) high productivity per area used, 2) the 
feedstock is based on non-food resource, 3) could be grown on non-productive land, and 4) could 
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utilize various water sources from fresh to saline water, or could even grow with wastewater 
(Chisti 2007; Pienkos and Darzins 2009; Mata et al. 2010; Takeshita 2011). Microalgae could 
have an oil yield of 58,700-136,900 L ha
-1
 year
-1
 (depending on the oil percentage), compared 
with 172 L ha
-1
 year
-1
 for corn, 446-826 L ha
-1
 year
-1
 for soybeans, and 5366-5950 L ha
-1
 year
-1
 
for oil palm (Chisti 2007; Mata et al. 2010; Zeng et al. 2011). The variation of type of fuels to 
which microalgae can be converted into ranges from biodiesel, bioethanol, biogas, and hydrogen 
fuel (Chisti 2007; Takeshita 2011). As other biofuel sources, microalgae also provide valuable 
co-products that are useful in biotechnology applications such as aquaculture feed, food coloring, 
cosmetics, pharmaceutical, carbon dioxide (CO2) sequestration, and wastewater treatment 
(Brennan and Owende 2010). From this comparison, microalgae appear as a promising source of 
biofuel production. 
Despite all of the advantages, the current selling prices of biofuel from microalgae are 
still relatively high. A techno-economic analysis by the National Renewable Energy Laboratory 
concluded a current baseline selling price for microalgal-based biodiesel of $5.20 L
-1
, assuming a 
biomass productivity of 25 g m
-2
 d
-1
 (Davis et al. 2012). Projections have shown that the selling 
price could go as low as $0.53 – 1.59 L-1, but this has not yet been industrially realized (Haq 
2012). The main technical/economic obstacles continue to be cultivation (including species 
selection), harvesting/dewatering, and lipid extraction (Brennan and Owende 2010; Davis et al. 
2012). Nonetheless, these obstacles present opportunities for microalgal research in order to 
achieve optimum microalgal cultivation systems for biofuel production and other valuable 
industrial co-products. 
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1.2. Microalgae 
Microalgae are an ancient organism that has been on earth for 1.5 – 2 billion years. It has 
a greater genetic diversity compared to plants, with estimates of more than 350,000 algal species 
adapted into different kind of environments (Brodie and Zuccarello 2007; Cardol et al. 2011; 
Larkum et al. 2012). Microalgae are classified as eukaryotes, with cells containing a nucleus and 
complex structures within membranes and conduct photosynthesis. Eukaryotic microalgae can be 
classified into several microalgal groups; chlorophyta (green algae), chrysophyta (golden algae), 
dinophyta (dinoflagellates), phaeophyta (brown algae), and rhodophyta (red algae). Prokaryotes 
that lack a nucleus, membrane and other membrane-bound organelles technically do not classify 
as microalgae. However the prokaryotic bacteria called cyanobacteria, also known as the blue-
green algae, resembles the eukaryotic microalgae as their cells develop chlorophyll-a and 
photosystems that able them to perform oxygenic photosynthesis (Komarek 2006). 
Based on the major forms of nutrition, microalgae can be divided into autotrophy and 
heterotrophy (Kaplan et al. 1986). Autotrophs are organisms that produce organic compounds 
with energy for metabolism from light (phototrophs, performing photosynthesis) or from 
inorganic compounds/ions (chemotrophs). Heterotrophs are organisms where the materials and 
energy come from organic compounds. The term chemoheterotrophy is used for the organisms 
which energy is derived from oxidation of the organic compounds as well as the carbon source; 
meanwhile photoheterotrophy describes the condition where light energy is required to utilize 
organic compounds as the carbon source. A combination of autotrophic growth and heterotrophic 
growth is called mixotrophy; where photosynthesis is the main process for metabolism (fixating 
inorganic carbon, CO2) while simultaneously utilizing organic carbon (Kaplan et al. 1986; Perez-
Garcia et al. 2011). 
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Photoautotrophy and heterotrophy are the main process used when cultivating 
microalgae, although mixotrophic cultivation has also gained interest because of the capability of 
organic carbon utilization beside photosynthesis which could increase the total biomass 
productivity compared to heterotrophy alone (Heredia-Arroyo et al. 2011; Zhang et al. 2011; 
Mitra et al. 2012). Microalgal cultivation is highly dependent on abiotic (irradiance, nutrients, 
carbon, temperature, pH) and biotic (contaminants, competing species) factors (Becker 2008; 
Gouveia 2011). To understand and optimize the microalgal cultivation system, we will have to 
determine the requirements of the important factors such as irradiance/light, nutrients, and 
carbon that affect the microalgal growth and the microalgal biomass productivity. 
1.2.1. Irradiance/Light Energy 
The photoautotrophic (and mixotrophic) microalgae, including cyanobacteria, have the 
ability to absorb light energy (photon) and perform photosynthesis just like terrestrial plants to 
produce organic matter. The photosynthesis process can be presented by the simplified reaction: 
2612622 666 OOHCOHCO lChlorophyl    (1.1) 
Oxygenic photosynthesis is divided into two stages, light reactions and dark reactions. In 
the light reaction, the light energy delivered in the form of photons is converted to chemical 
energy, producing biochemically reduced nicotinamide adenine dinucleotide phosphate 
(NADPH) and high energy compound adenosine triphosphate (ATP). This process occurs in the 
photosynthetic unit (PSU), which is part of thylakoid membrane that has the photon receptors, 
electron carriers, and enzymes required to generate NADPH and ATP as shown in Figure 1.1 
(Rubio et al. 2003; Masojídek et al. 2007). The photons are captured by the light-harvesting 
hydrophobic pigment-protein complexes that contain chlorophyll-a, chlorophyll-b and 
carotenoids in algae, and by the hydrophilic phycobiliproteins in cyanobacteria (Richmond 
hv 
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2004). The harvested photon excites an electron and is transferred to the reaction center in 
Photosystem II (PS II, water-plastoquinone oxidoreductase) located in the thylakoid membrane 
of the microalgae/cyanobacteria called P680 as it shows strongest absorption at wavelength 680 
nm. The excitation energy brings the reaction center to a higher level, P680*, from the 
generation of an oxidant and reductant by splitting water (photolysis): 
22
2
1
22 OeHOH    (1.2) 
The electrons are passed through electron carriers to generate adenosine-5’-triphosphate 
(ATP), which is a coenzyme used in the dark reactions (Calvin-Benson cycle). The electrons, 
now at lower energy levels, join the reaction center in Photosystem I (PS I, ferredoxin 
oxidoreductase) called P700 as it shows strongest absorption at wavelength 700 nm. The 
electrons are excited again by additional photons absorbed by PSI, raising the reaction center to a 
 
Figure 1.1. The site of light-dependent reactions in the microalgae/cyanobacteria thylakoid 
membrane. The phycobilisome (dashed rectangle) only exists for cyanobacteria. Image 
adapted from Kyoto Encyclopedia of Genes and Genomes (2012). 
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higher level, P700*. The electrons are again passed through electron carriers which reduces the 
coenzyme nicotinamide adenine dinucleotide phosphate (NADP
+
) to NADPH (its reduced form): 
NADPHeHNADP   22  (1.3) 
The NADPH supplies the H
+
 that reduces carbon dioxide to carbohydrates in the Calvin-
Benson cycle. Overall, the photosynthetic electron flow from PS I to PS II can be presented by 
the Z-scheme (Figure 1.2). 
 
As mentioned before, the energy for photosynthesis is delivered in the form of light. 
Light is the part of electromagnetic radiation with wavelengths between 10
-3
 and 10
-8
 m. The 
wavelength of visible light ranges from 400 to 750 nm, which corresponds to photosynthetically 
active radiation (PAR), the radiation utilizable in photosynthesis (Masojídek et al. 2007). This 
PAR represents 42.3% of the total energy from the light spectrum that is captured (Brennan and 
Owende 2010). PAR is expressed in units of µmol photon m
-2
 s
-1 
(Fernández et al. 1997). That 
unit translates to the number of photons reaching a unit surface at a unit time, i.e. the 
photosynthetic flux density (Masojídek et al. 2007). 
 
Figure 1.2. The Z-scheme representing the photosynthetic electron flow, showing the input 
of H2O and photon (hv) to produce the output of O2, ATP, and NADPH, adapted from 
Jakubowski (2011). 
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The photosynthesis and irradiance relationship can be divided into three areas: (i) light 
limited region where photosynthesis rate increases with the increase of irradiance, (ii) light-
saturated area where photosynthesis rate is not dependent on irradiance, and (iii) photoinhibited 
region where photosynthesis rate decreases with further increase of irradiance, also known as 
photoinhibition (Bannister 1974; Goldman 1979; Masojídek et al. 2007). Photoinhibition occurs 
when photon energy is supplied in excessive amounts, causing photo-oxidation that causes 
damage to the electron transfer chain of photosystem II and production of toxic species such as 
singlet oxygen (Han et al. 2000). 
There have been several models that relate the effect of irradiance towards microalgal 
growth (Steele 1962; Patten 1968; Bannister 1974; Grima et al. 1997). One of the most common 
models used is Steele’s kinetics (Engqvist and Sjoberg 1980; Benson et al. 2007). This model is 
based on an exponential function that peaks at the optimum irradiance (Iopt), which gives the 
maximum specific growth rate (µmax) and declines at higher and lower levels of irradiance. The 
model is presented by the equation below: 
opt
a
I
I
opt
a e
I
I 

1
max  (1.4) 
where μ (d-1) is the specific growth rate, Ia (μmol m
-2
 s
-1
) is the irradiance, Iopt (μmol m
-2
 s
-1
) is 
the optimum irradiance that gives µmax. This model shows that when irradiance is increased 
beyond the optimum irradiance (maximum μ) the specific growth rate of microalgae decreases. 
The model is appropriate for application with moderate density cultures (Steele 1962; Pulz 
2001). Different microalgal strains will have different optimum irradiances that give maximum 
specific growth rates. For example, Selenastrum minutum has been reported to have the optimum 
irradiance of 365 μmol m-2 s-1 (Bouterfas et al. 2006), Selenastrum capricornutum at 391 μmol 
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m
-2
 s
-1
 (Benson and Rusch 2006), Spirulina platensis at 500 μmol m-2 s-1 (Qiang and Richmond 
1996), and Chlorella at 200 μmol m-2 s-1 (Kumar et al. 2010). 
For more dense cultures, the model with a hyberbolic function proposed by Molina 
Grima et. al. (1997) might be more appropriate: 
ak
a
II
I


 max

  (1.5) 
 where Ik (μmol m
-2
 s
-1
) is the light affinity constant for microalgae. The Ik constant is the 
irradiance that gives half μmax. It should be noted that physiologically, microalgae follow Steele 
kinetics with a µmax peak at Iopt. The hyperbolic function should only be applied within the range 
of irradiance tested, because when the function is extrapolated to higher irradiance values, at 
some point the specific growth rate would finally decrease and the hyperbolic function may not 
be adequate to represent the growth rate versus irradiance curve. 
 
The ability of the microalgae to use the light energy available for biomass formation can 
be represented by the biomass yield on light energy input (Janssen et al. 2002; Zijffers et al. 
2010): 
  
Figure. 1.3. Example of specific growth rate versus irradiance fitted with (a) Steele kinetics and 
(b) hyperbolic function. Both curves were fitted for a Louisiana native Chlorella 
vulgaris/Leptolyngbya sp. co-culture cultivated under two different conditions. 
(a) (b) 
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A
V
PFD
P
Y
d
dw
Edw ,  (1.6) 
where Ydw,E (g(mol photon)
-1
) is the biomass yield per light energy, Pdw (g m
-3
 d
-1
) is the 
microalgal biomass productivity, PFDd (mol photon m
-2
 d
-1
) is the scalar irradiance, and V/A (m
3
 
m
-2
) is the volume to surface ratio of the microalgal culture. The photosynthetic efficiency (%), 
which represents the percentage of light energy converted into energy stored in the microalgal 
biomass, can be calculated using by: 
%100, 
E
C
YPE BEdw  (1.7) 
where PE (%) is the photosynthetic efficiency, Ydw,E (g(mol photon
-1
)) is the biomass yield per 
light energy as calculated by Eq. (1.6), CB (kJ g
-1
) is the caloric content of the microalgal, and E 
(kJ (mol photon)
-1
) is the conversion of the scalar irradiance to energy input. Microalgae have 
been reported to have a much higher photosynthetic efficiency compared to higher plants (John 
Pirt 1986; Janssen et al. 2002). Based on the photosynthesis process mentioned before, a 
minimum of 8 moles of light photons is required to produce one mole of carbohydrate (CH2O), 
one mole O2 and one mole H2 (Bolton and Hall 1991). The energy content of one mole of photon 
is 218 kJ, which means to produce one mole of CH2O the potential light energy captured is 1744 
kJ. The energy contained in one mole of CH2O is about 467 kJ, which results in a theoretical 
solar-to-chemical energy conversion of approximately 27%. However, not all of light spectrum is 
available to be used for photosynthesis and there are other factors that significantly reduces the 
photosynthetic efficiency, such as photosaturation/photoinhibition, photorespiration, poor light 
respiration, and rate limitations due to factors other than light (Brennan and Owende 2010). The 
theoretical case of maximum photosynthetic efficiency that a perfectly efficient microalgal can 
achieve as reported by Weyer et al. (2010) is around 26.7%, although in practice the efficiency is 
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lower (5 – 11%) but is still higher than photosynthetic efficiency levels achieved by terrestrial 
plants which are around 1-2% (Schenk et al. 2008). 
1.2.2. Microalgal Nutrients: Carbon 
The fixation of carbon is the next step in microalgal photosynthesis. The ATP and 
NADPH produced from the light reactions are transferred to the dark reactions, where carbon 
dioxide is fixed: 
      
     
              
→           (    )      (1.8) 
The reaction mechanism of carbon fixation is called the Calvin-Benson cycle (Figure 1.4), which 
can be divided into four phases (Richmond 2004): 1) Carboxylation phase, where CO2 is added 
 
Figure 1.4. The photosynthetic dark-reactions presented by the Calvin-Benson cycle; i) 
Carboxylation phase, ii) Reduction phase, iii) Regeneration phase, and iv) Production phase, 
adapted from Jones (2010). The (*) represents product from light reactions. 
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to ribulose biphosphate (Ribulose-bis-P) to form phosphoglycerate (Glycerate-P) catalyzed by 
the rate limiting enzyme ribulose biphosphate carboxylase/oxygenase (Rubisco), 2) Reduction 
phase, where energy from ATP and NADPH is added in two steps, (a) phosphorylation of 
phosphoglycerate forming diphosphoglycerate (Glycerate-bis-P) and ADP and (b) the reduction 
of Glycerate-bis-P to phosphoglyceraldehyde (Glyceraldehyde-P) by NADPH, 3) Regeneration 
phase, where ribulose phosphate (Ribulose-P) is regenerated for the next CO2 fixation in a series 
of reaction combining 3-, 4-, 5-, 6- and 7-carbon sugar phosphates, and 4) Production phase with 
the primary end-product of carbohydrate and other synthesized products such as fats, fatty acids, 
amino acids and carboxylic acids. 
Carbon is an essential substrate for the production of microalgal biomass. On average, 
microalgal cells contain 40-60% carbon. The CO2 demand for microalgae is around 1.57 – 1.83 
kg CO2 (kg dry biomass)
-1
 (Schenk et al. 2008; Posten and Schaub 2009). Unfortunately, simple 
diffusion of inorganic carbon (CO2) from the air into the water is not enough to obtain desired 
microalgal growth. The natural CO2 concentration in the air is about 0.03 – 0.06%, which is too 
low to achieve the optimum growth and high productivity since CO2 is assimilated rapidly by 
microalgal in exponential phase (Suh and Lee 2003; Becker 2008). Thus, CO2 diffusion has to be 
improved to achieve sufficient microalgal growth. Continuous mixing of the microalgal cultures 
can increase the diffusion coefficient for CO2 from air-microalgal culture interphase (Becker 
2008). Additional CO2 for microalgal cultures can also be supplied by bubbling the culture 
continuously with CO2-enriched air with around 2 – 5% v/v of CO2 (Richardson et al. 1969; Li, 
Horsman, Wang, et al. 2008; Hsieh and Wu 2009). The addition of CO2 also helps to control the 
pH of the microalgal culture (Chisti 2007). Inorganic carbon also can be added in the form of 
bicarbonate salts for carbon source (Becker 2008). 
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Microalgae have the ability to fix CO2 with an efficiency 10-50 times greater than 
terrestrial plants (Kong et al. 2010). Thus, there has been suggestion to utilize microalgae for 
CO2 mitigation (Huntley and Redalje 2007; Wang et al. 2008; Mata et al. 2010). Biological CO2 
mitigation is preferred since it produces biomass energy through photosynthesis compared to 
chemical reaction-based process. Chemical reaction-based CO2 mitigation is a costly process, 
energy consuming and has disposal problems of the absorbents used to capture CO2 (Wang et al. 
2008). Industrial exhaust gases contain up to 15% CO2 (Maeda et al. 1995), which provides a 
source of CO2 for microalgal growth while mitigating CO2 in the process. The microalgal species 
used for CO2 mitigation should be robust enough to sustain high temperature and high 
concentrations of CO2 in the flue gas. A Chlorella strain was reported to have the ability to 
tolerate CO2 concentrations up to 50% (v/v) in air and temperature up to 40°C while maintaining 
growth (Yue and Chen 2005). However, it should be noted that not all CO2 can be utilized since 
the carbon fixation is limited by the amount of enzyme Rubisco available (Jensen 2000; Marcus 
et al. 2008). The potential of integrating flue gas as a CO2 source in microalgal cultivation 
systems should be explored to reduce the cost of producing microalgal biomass and has been 
reported in literature (Wang et al. 2008; Kumar et al. 2011; Van Den Hende et al. 2012). 
Although most microalgal species utilize CO2 (inorganic carbon) to perform 
photosynthesis (autotrophy), several microalgal species are capable of utilizing organic carbon 
for growth in the dark, which is called heterotrophy. Some of the microalgal species are even 
capable to fixing CO2 and assimilating organic carbon simultaneously, with the regime of algal 
growth called mixotrophy. The flexibility of utilizing inorganic and organic carbon has been 
reported for microalgal species such as Scenedesmus sp., Spirulina platensis, Chlorella sp., or 
Phaeodactylum tricornutum (Chen and Johns 1991; Andrade and Costa 2007; Becker 2008; Liu 
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et al. 2009). The culture medium of heterotrophic/mixotrophic cultures is similar to the 
autotrophic culture medium, but with the addition of organic carbon. Organic carbon can be 
obtained from a relatively low cost industrial or agricultural by-products, which could reduce the 
high cost of supplementing compressed CO2 gas (Andrade and Costa 2007). The organic carbon 
sources typically used are sugars, e.g. glucose, sucrose, fructose, galactose, acetate and glycerol 
(Fang et al. 2004; Liu et al. 2009). 
Liu et al. (2009) reported the effect of organic carbon sources (glycerol, acetate and 
glucose) on the growth of Phaeodactylum tricornutum. The conclusion from the experiment is 
that organic carbon sources can significantly increase specific growth rate (p<0.01) and 
significantly increase the maximal biomass concentrations. Mixotrophy with glycerol seems to 
have the highest result in specific growth rate and maximal biomass, followed by mixotrophy 
with acetate, then mixotrophy with glucose. Multiple reports also conclude that addition of 
organic carbon can significantly increase growth rate and final biomass concentrations in 
mixotrophic conditions (Garcia et al. 2005; Andrade and Costa 2007; Becker 2008; Fujita et al. 
2008; Liang et al. 2009; Heredia-Arroyo et al. 2011). Conflicting reports of the success of 
utilizing organic carbon was also observed, even when the same organic carbon source and the 
same microalgal strain are tested for growth. While Liu et al. (2009) reported significant increase 
of Phaeodactylum tricornutum growth rate while adding acetate as organic carbon, another 
experiment performed by Garcia et al. (2005) reported the inhibition of Phaeodactylum 
tricornutum growth rate while adding the same organic carbon (acetate). The reports also 
conclude different results of the best organic carbon source for different microalgal strains, such 
as acetate for Brachiomonas submarina (Yang et al. 2003), glycerol or glucose for 
Phaeodactylum tricornutum (Garcia et al. 2005; Liu et al. 2009), or glucose for Chlorella 
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sorokiniana (Chen and Johns 1991). More details of the assimilation pathways for various 
organic carbons in microalgal can be reviewed in literature by Perez-Garcia et. al. (2011). 
1.2.3. Microalgal Nutrients: Nitrogen, Phosphorus, and Micronutrients 
Microalgal cells are composed of inorganic elements which are carbon (C), nitrogen (N), 
phosphorus (P), iron, magnesium, plus trace elements (Becker 2008). Carbon has been discussed 
in the previous section. Nitrogen and phosphorus are the main macronutrients, while iron, 
magnesium and trace elements are supplied in micro amounts. Compared to higher plants, 
microalgae have higher macronutrient requirements, which were observed from the high contents 
of N and P, about 10% and 1% respectively on a dry weight basis (Rosch et al. 2009). The 
estimation of minimal nutrient requirements can be obtained from the microalgal molecular 
formula proposed by Grobbelaar (2007) which is CO0.48H1.83N0.11P0.01. From that molecular 
formula, the C:N:P ratio of microalgal is 100:11:1, similar to the phytoplankton C:N:P ratio 
proposed by Redfield (1934) which is 106:16:1 (Redfield stoichiometry). An example of the 
elemental composition of microalgal species Chlorella is presented in Table 1.1. 
Table 1.1. Elemental composition of a Chlorella strain as reported by Oh-Hama and Miyachi 
(1988). 
Element % dry mass range 
Carbon 
Oxygen 
Hydrogen 
Nitrogen 
Phosporus 
Potassium 
Magnesium 
Sulfur 
Iron 
Calcium 
Zinc 
Copper 
Manganese 
51.4-72.6 
11.6-28.5 
7.0-10.0 
6.2-7.7 
1.0-2.0 
0.85-1.62 
0.36-0.80 
0.28-0.39 
0.04-0.55 
0.005-0.080 
0.0006-0.0050 
0.001-0.004 
0.002-0.010 
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Based on the C:N:P ratio, nitrogen is quantitatively the most important element that 
contributes to the microalgal biomass after carbon (and apart from oxygen and hydrogen). 
Nitrogen is a critical element of all structural and functional proteins in microalgal cells 
(Richmond 2004). The metabolism of nitrogen and carbon are connected in microalgal as they 
share a) carbon supplied from CO2 respiration or assimilated organic carbon and b) energy 
generated in the tricarboxylic acid (TCA) cycle and in the mitochondrial electron transport chain 
(Perez-Garcia et al. 2011). The nitrogen assimilation is affected by irradiance/light energy, as 
photochemical reduction of nitrate and nitrite was observed in the choloroplast when irradiance 
was not sufficient. Light energy also reduces cofactors such as flavoproteins, ferredoxins and 
pyridine nucleotides which are used for electron donors for nitrate and nitrite reduction (Morris 
1974). On the other hand, limitation of nitrogen affects the microalgal growth by reducing the 
efficiency of energy conversion in photosynthesis due to (i) loss of chlorophyll-a pigments, (ii) 
increase of nonphotochemically active carotenoid pigments, (iii) loss of photosystem II (PSII) 
reaction center proteins and (iv) degradation of phycobilisomes (Kolber et al. 1988; Geider et al. 
1993; Berges et al. 1996; Richmond 2004). However, limitation of nitrogen is a common method 
used to increase microalgal lipid percentage (high in caloric content) as the carbon fixed in the 
Calvin-Benson cycle is diverted from protein synthesis to lipid (predominantly triacylglycerols) 
synthesis (Shifrin and Chisholm 1981; Gombos et al. 1987; Thompson 1996; Illman et al. 2000; 
Li, Horsman, Wang, et al. 2008; Hsieh and Wu 2009; Xin et al. 2010). Thus the nitrogen level 
that gives a balance of optimum growth rate and lipid content should be determined in order to 
achieve maximum microalgal lipid productivity when considering microalgal-based biofuel 
production. 
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Microalgae can utilize nitrate, ammonia and/or other sources of nitrogen such as urea. In 
the laboratory scale cultivation, nitrate (e.g., sodium nitrate) is commonly the nitrogen source in 
the recipes for microalgal medium (Becker 2008). In larger scale cultivation such as in an open 
pond, the nitrogen source is commonly plant fertilizer (urea) or ammonium, which is more 
favorable economically compared to sodium nitrate (Molina Grima et al. 1999).  
Phosphorus is also a major macronutrient required for the cellular metabolic process by 
forming structural and functional components required for microalgal growth, accounting for 1% 
dry weight (Richmond 2004). Microalgae utilize phosphorus in its inorganic form, either as 
H2PO4
-
 or HPO4
2-
 via phosphorylation, or in the form of polyphosphates (Becker 2008). In larger 
scale microalgal cultivation plant fertilizers can be used as the source of phosphorus (Molina 
Grima et al. 1999).  Phosphorus is usually supplied in excess because phosphate added forms 
complex with metal ions in the water, therefore not all of it is available for microalgal nutrients 
(Chisti 2007).  
Micronutrients such as trace metals are also essential for the microalgal growth. For 
example, iron, although only exists in microalgal as a trace mineral element it plays an important 
role in fundamental processes such as photosynthesis, respiration and nitrogen fixation because 
of its redox properties (Richmond 2004). Magnesium plays a vital role in the photosynthesis 
process as it is the central atom of a tetrapyrrole ring that chorophyll molecules have. Zinc 
appears in the carbonic anhydrase site, an enzyme involved in CO2 transport and fixation (Sunda 
et al. 2005). Manganese, another trace element, is also essential for microalgal growth as it is an 
important component of the water oxidizing center of photosynthesis. Overall, the trace elements 
are involved in microalgal metabolic processes, catalytic site, oxidation-reduction reactions, and 
maintaining the structure of some proteins (Morel et al. 1991). 
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Wastewater can be a source of microalgal nutrients, especially inorganic nitrogen and 
phosphorus, at little or no cost. The idea of using microalgae for wastewater treatment was first 
proposed in 1957 (Oswald et al. 1957), and has gain interest lately as researchers are finding 
ways to reduce the cost of microalgal cultivation by incorporating microalgae production with 
wastewater treatment, based on the efficiency of removing nitrogen and phosphorus (Noue et al. 
1992; Hoffmann 1998; Lee and Lee 2001; Woertz 2007; Rawat et al. 2010; Pittman et al. 2011). 
In municipal wastewater, the total nitrogen and phosphorus can be found in concentrations 
around 10-100 mg L
-1
, and more than 1000 mg L
-1
 in agricultural effluent (Noue et al. 1992). 
Multiple researchers reports the ability of various microalgae species that are capable to utilize 
nutrients in wastewater, such as Scenedesmus obliquus (Martinez et al. 2000), Azolla 
microphylla (Arora and Saxena 2005), Chlamydomonas reinhardtii (Kong et al. 2010), Chlorella 
vulgaris, Chlorella sorokiniana (Hernandez et al. 2006) and Chlorella sp. (Wang et al. 2010), 
with removal of nitrogen and phosphorus in wastewater up to 90-99%. One of the challenges of 
incorporating wastewater treatment with microalgal biomass production is the need of efficient 
separating and harvesting microalgal biomass from wastewater. 
1.2.4. Microalgal Lipid Production 
High biomass productivity is not the only goal of culturing microalgae for the main 
purpose of producing biofuel. Lipid content and the overall lipid productivity should also be the 
goals because the neutral lipids (in the form of triacylglycerol) are the part of microalgae that can 
be converted to biodiesel (Chisti 2007; Pienkos and Darzins 2009). Thus, an ideal microalgal 
cultivation process for producing biofuel should be able to produce microalgae with the highest 
biomass productivity and the highest neutral lipid content (Sheehan et al. 1998). The total lipid 
content in microalgae reported varies widely from species to species, as low as 2% dry weight to 
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as high as 75% dry weight, with the neutral lipid contributing up to 85% of the total lipid. A total 
lipid content from 20-50% dry weight is quite common (Chisti 2007; Mata et al. 2010; Amaro et 
al. 2011). The lipid content in microalgae reported even varies for the same species, depending 
on the environmental conditions under which the microalgae are grown. 
The lipid synthesis in microalgae (Courchesne et al. 2009) starts with the biotin-
dependent irreversible carboxylation of acetyl-CoA to form malonyl-CoA with the catalyst 
acetyl-CoA carboxylase (ACC). The next step is the acyl chain elongation, where the malonyl-
CoA is transferred to the acyl-carrier protein (ACP) of the fatty acid synthase (FAS) multi-
enyzmatic complex. The FAS catalyzes fatty acid elongation by condensing malonyl-CoA 
molecules and acetyl-CoA in a repeated cycle until saturated chain of a palmitic (16:0, represents 
carbons in the fatty acid chain:double bonds) or a stearic acid is formed (18:0), the fatty acyl-
CoA. The final step is the triacylglycerol (TAG) formation. TAG formation starts with the 
condensation of glycerol-3-phosphate (G3P) with a fatty acyl-CoA forming lysophosphatidate 
(LPA). The LPA is further condensed with another fatty acyl-CoA producing phosphatidate (PA) 
which is dephosphorylated to diacylglycerol. Finally, TAG (triacylglycerol) is synthesized by 
incorporating the third fatty acyl-CoA with the diacylglycerol molecule. The TAG is a neutral 
lipid, storing energy in the form of fatty acids in microalgal oil bodies. In eukaryotes 
(microalgal), the TAG formation occurs in the mitochondria, while in prokaryotes 
(cyanobacteria) it occurs in the cytoplasm of the cell.  
Microalgae increase their lipid content under stress conditions. The common method is 
by nutrient limitation, especially the deprivation of nitrogen (Shifrin and Chisholm 1981; 
Gombos et al. 1987; Illman et al. 2000; Li, Horsman, Wang, et al. 2008; Hsieh and Wu 2009; 
Xin et al. 2010). By limiting the essential macronutrient, microalgae will channel carbon for lipid 
20 
 
storage instead of utilizing it for building cells (i.e., protein). The method of decreasing the 
nutrient content is relatively easy to implement in a large scale cultivation of microalgae, and the 
cost is relatively low compared to other factors that also influences the microalgae lipid content 
 
Figure 1.5. The tracylglycerol synthesis pathway, adapted from Courchesne et. al. (2009). 
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(Takagi et al. 2000). Unfortunately, because nitrogen is limited, microalgae will have higher 
lipid content but cell division and overall microalgal biomass productivity is compromised. Thus, 
the lipid productivity actually decreases as a result. 
Other factors that could influence the microalgal lipid content, are irradiance, carbon 
dioxide (CO2), organic carbon, and trace metals. Ying et al. (2001) reported that Phaeodactylum 
tricornutum accumulates more lipids at higher irradiance (lipid content: 13% dry weight at 1500 
lux compared to 5% dry weight at 5000 lux). For CO2, Chiu et al. (2009) reported for 
Nannochloropsis oculata, increase of CO2 from 2% to 15% (v/v) generally decreased the 
biomass and lipid productivity. In some mixotrophic cultures, the organic carbon addition of 
acetate seems to increase the microalgal lipid content. This might be due to the fact that acetate 
can be directly activated to acetyl-CoA by a one-step reaction catalyzed by acetyl-CoA 
synthetase, where fatty acetyl-CoA is the basic building block of fatty acid synthesis (Heifetz et 
al. 2000; Perez-Garcia et al. 2011). Trace metals, such as iron (Fe), as reported by Uduman et al. 
(2010) to increase lipid accumulation in Chlorella vulgaris at higher concentrations. 
1.2.5. Microalgal Species Selection 
The National Renewable Energy Laboratory (NREL) via the Aquatic Species Program 
(ASP) started the collection and screening of microalgal species for biodiesel production in 1983, 
collecting more than 3,000 strains of microalgal and narrowing it down to about 300 most 
promising strains for biofuel production purposes, mainly green algae (Sheehan et al. 1998). The 
screening process was done to find microalgal species that have high biomass productivity and 
relatively high lipid content, and were also tolerant to variations of pH, temperature, and salinity.  
The promising microalgal strains are stored and available at culture collection centers such as 
The Culture Collection of Algae at the University of Texas at Austin, Texas (UTEX, 
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www.utex.org). Many of the strains might have lost their original properties at it has been 
cultivated and stored in the laboratory for several decades. It is also difficult to maintain growth 
of microalgal strains from laboratory when applied in large scale open cultivations as 
contamination of foreign species is highly possible and can take over the culture. Thus, to obtain 
a microalgal strain that is versatile and robust in local environments, resistant by contamination 
of invasive species while minimizing the impact on local ecosystems, screening of native 
microalgal species is preferred (Sheehan et al. 1998; Rodolfi et al. 2008; Fishman et al. 2010). 
Most microalgal cultivation is based on a single microalgal species as the inoculum 
(Illman et al. 2000; Li, Horsman, Wang, et al. 2008; Ota et al. 2009; Xin et al. 2010; Mallick et 
al. 2012). In open cultivation, it will be very difficult to prevent large population monocultures 
from bacterial contamination. However, several researchers explored the symbiotic relationships 
between the microalgal species with other microorganisms, particularly bacteria/cyanobacteria 
(Gonzales and Bashan 2000; Imase et al. 2008; Park et al. 2008; Ueda et al. 2009; de-Bashan et 
al. 2011). Increased growth was observed when microalgae was co-cultivated with particular 
bacteria, such as Chlorella vulgaris with Azospirillum brasilense (Gonzales and Bashan 2000; 
de-Bashan et al. 2011), Chlorella sorokiniana with symbiotic bacteria (Imase et al. 2008), and 
Chlorella saccharophila with Phyllobacterium (Ueda et al. 2009). Several hypotheses have been 
suggested to explain why the co-culture between microalgae and bacteria resulted in higher 
overall growth, but the exact mechanism is yet unknown.  
Another symbiotic relationship was discovered between microalgae and cyanobacteria. 
The cyanobacteria could provide multiple benefits for the microalgae, including lowering oxygen 
concentrations for nitrogen fixation and providing growth factors by producing Fe, CO2, NH4
+
, 
NO3, or PO4
3-
 (Graham and Wilcox 2000). Or maybe the cyanobacteria interferes with the 
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microalgal hormonal metabolism, helping with nitrogen transformation and carbon consumption 
(de-Bashan et al. 2011). The cyanobacteria produce a polysaccharide-lipid complex that helps 
adhesion with other organism, i.e., microalgae. On the other hand, microalgae also produces 
sheath which is related to the formation of microalgal cell aggregations, thus forming a biofilm 
for the habitat of symbiotic cyanobacteria which enhances the interaction between the microalgal 
and cyanobacteria (Imase et al. 2008; de-Bashan et al. 2011). Other studies focused on the use of 
co-cultures to remove nutrients from wastewater as it is reported to remove more nutrients than 
monoculture alone (Cheirsilp and Suwannarat 2011; Silva-Benavides and Torzillo 2011). A 
symbiotic microalgal cyanobacteria co-culture screened and isolated from a native water body 
may have better resistance toward the local environment, while possibly enhancing the overall 
biomass growth especially when considering microalgal-based biofuel production and 
biotechnology applications. 
1.2.6. Microalgal Biomass Production in Continuous Process 
For biofuel production from microalgae to be feasible, results obtained in batch at the 
laboratory scale should be translated in a continuous, larger scale. Large and continuous 
microalgal cultivation employs both open (such as open ponds, raceway ponds) and closed 
(photobioreactor) systems (Pulz 2001; Ugwu et al. 2008; Chen et al. 2011; Cuaresma et al. 2011; 
Richardson et al. 2012; Singh and Sharma 2012). 
Open systems are located outdoors and utilize natural sunlight irradiance for energy. 
Open ponds are the oldest and simplest systems for microalgal biomass production (Sheehan et 
al. 1998). The open systems can be categorized into natural waters (lakes, trenches, or ponds) 
and artificial ponds. One of the common artificial ponds is the raceway pond, made up of a 
closed loop of recirculation channel where the circulation and mixing is provided by the 
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paddlewheel. Raceway ponds typically have relative shallow depth (15-30 cm) to ensure 
exposure of microalgal culture to sunlight (Rodolfi et al. 2008; Ugwu et al. 2008). There is no 
control of the light input or temperature. Inefficient mixing could also result in poor mass 
transfer rates. The energy input, maintenance and cleaning requirements are lower than the 
closed photobioreactor systems. Thus, the capital investment and daily operation cost are cheaper 
than closed photobioreactor systems, but the biomass productivity is usually poor due to 
contamination risk and lack of process control (Borowitzka 1999; Brennan and Owende 2010; 
Singh and Sharma 2012). 
Photobioreactors (PBRs), on the other hand, have higher productivity than open ponds as 
the photobioreactors are typically designed to have large surface area to maximize illumination 
received by the microalgal cells, thus increasing the photosynthetic efficiency by microalgae. For 
example, multiple glass tubes increase the area to volume ratio of the reactor, thus enhancing 
microalgal cells exposure towards light. Also closed systems lower the microalgal culture 
contamination risk, permitting monoculture microalgal growth. There are various designs of 
enclosed photobioreactor systems, from flat plate, tubular, helical, column photobioreactor, to 
stirred tank reactor (Janssen et al. 2002; Ugwu et al. 2008; Brennan and Owende 2010; Singh 
and Sharma 2012). However, enclosed photobioreactors has their own limitations such as the 
difficulty to scale-up, temperature control problems, degassing problems (O2 accumulation, CO2 
depletion), and higher cost to startup/operate compared to open systems (Suh and Lee 2003; 
Rodolfi et al. 2008; Ugwu et al. 2008; Pruvost 2011). Techno-economic analyses have been 
reported for both open systems and photobioreactors indicating that the costs of the microalgal-
based biofuel production for both systems are still relatively high, thus significant improvements 
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have to be made such as sustaining high microalgal growth rates while adding value via the co-
products from the microalgal biomass (Davis et al. 2011; Richardson et al. 2012). 
Another alternative option for a microalgal cultivation system is the hybrid type 
photobioreactor, which combines the advantages of both open and closed systems while 
overcoming the disadvantages of each other. The first stage can be an enclosed photobioreactor, 
where a controlled environment provides continuous healthy, dense microalgal culture while 
contamination is minimized. The microalgal culture is expected to maintain a high density at a 
prolonged time in this stage. The second stage is the open system, where minimum control is 
provided at minimum cost. Productivity is expected to be higher since dense microalgal culture 
is injected periodically/continuously into the open system, while also minimizing contamination 
risk as it will be difficult for the contaminant to take over denser microalgal culture. In the 
second stage, microalgal cells can also be exposed to nutrient stresses (i.e. providing less or none 
nutrients at final stage) which can increase the microalgal lipid content (Huntley and Redalje 
2007; Rodolfi et al. 2008). 
A hybrid system called Hydraulically Integrated Serial Turbidostat Algal Reactor 
(HISTAR) was developed by researchers at Louisiana State University (Rusch and Malone 1998; 
Table 1.2. Comparison between open and closed-controlled systems for microalgal cultivation, 
adapted from Davis et al. (2011). 
System Open systems (Ponds) Closed systems (PBRs) 
Microalgal density 
Productivity 
Light utilization efficiency 
Species control 
Contamination risk 
Capital investment 
Operation cost 
Scale-up 
Estimate biodiesel selling  price 
Low 
Low 
Poor 
Poor 
High 
Low 
Low 
Easy 
$ 2.60 L
-1
 
High 
High 
High 
Can be maintained axenic 
Reduced 
High (3-5 times open ponds) 
High (2 times open ponds) 
Difficult 
$ 5.42 L
-1
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Rusch and Christensen 2003; Benson et al. 2009). In the HISTAR system, the turbidostats 
provide dense, clean inoculum which resembles enclosed photobioreactors in the first stage. The 
continuous-flow stirred tank reactors (CFSTR) in series represent the second stage, which is an 
open system. The idea of the HISTAR is to use multiple CFSTRs, where each CFSTR has a local 
dilution rate which is adjusted to be higher than the net specific growth rate of contaminants, so 
no significant contaminant growth could occur (Rusch and Malone 1998). In a larger scale of 
microalgal cultivation, contamination of the culture is one of the main problems that commonly 
occur (Borowitzka, 1998; Margalith, 1998). The contaminants might enter the microalgal culture 
at low concentration, but could eventually out-grow the microalgae and overtake the culture 
(Theegala et al. 1999; Rusch and Christensen 2003). Sealed turbidostats are located before the 
first CFSTR. The culture from turbidostats flows to CFSTR1 at a flow rate of Qtb. In addition to 
Qtb, a flushing flow, Qf, which consists of make-up water and media, is added to CFSTR1. The 
total flow (Qtb + Qf) will create a hydraulic gradient that will move the culture through the 
system (Rusch and Christensen 2003; Benson et al. 2009). 
As mentioned before, the local dilution rate is adjusted to be higher than the net specific 
growth rate of contaminants. The dilution rate of an individual reactor (local dilution rate) can be 
expressed by the equation (Rusch and Christensen 2003): 
         (1.9)  
where Dn is the local dilution rate for CFSTRn (d
-1
), QT is the total flow rate (Qtb + Qf, L d
-1
), Qtb 
is the flow from turbidostats (L d
-1
), Qf is the source water flow into CFSTR1 (L d
-1
) and Vn is 
the volume of CFSTRn (L). 
The lights used for indoor HISTAR systems are the high pressure sodium (HPS) lamps. 
By understanding the dynamics of light in HISTAR, maximum production of microalgal biomass 
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and optimization of production cost could be achieved (Benson and Rusch 2006; Benson et al. 
2007, 2009; Gutierrez-Wing et al. 2012). Based on experiments and simulations, HPS lamps 
were concluded to increase volumetric productivity ((g dry wt) m
-3
 d
-1
) and reducing the lighting 
cost compared to metal halide (MH) lamps (Benson et al. 2009). The HISTAR system can be 
modified where the turbidostats are located indoors (to maintain the high quality of microalgal 
culture) and the CFSTR series are located outdoors, thus sunlight can be utilized for irradiance. 
The concept of mitigating the contaminants by adjusting the local dilution rate has been 
tested using mathematical model simulations and experimentation (Rusch and Malone 1998; 
Theegala et al. 1999; Benson et al. 2007). Rusch and Malone (1998), Benson et al. (2007) 
present data from HISTAR run in respect of volumetric system productivity levels, optimal 
productivity of the system, hydraulic retention time, system dilution rate, contaminant wash out 
from the HISTAR, and irradiance. Theegala et al. (1998) reported a quick wash out of rotifers 
(contaminant) which was intentionally added to the HISTAR system with microalgal culture 
Chaetoceros muelleri. Rusch and Christensen (2003) reported a study of Isochrysis sp. 
 
Figure. 1.6. Schematic diagram of HISTAR, consisting of two turbidostats and eight CFSTRs 
arranged in series. 
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cultivation in HISTAR. The published results indicate the potential of HISTAR as a feasible 
system of continuous, large scale microalgal cultivation. 
1.3. Current Research at Louisiana State University 
A microalgal project is currently in progress at Louisiana State University. One of the 
species being tested is a native co-culture of a Chlorella species and a cyanobacteria species, 
isolated from College Lake, Baton Rouge by Dr. Rusch and Dr. Gutierrez-Wing. The co-culture 
was proven to be resistant under screening of extreme condition change. The identification of the 
co-culture was done by personnel at the Culture Collection of Algae at UTEX. The microalgal 
species was identified as Chlorella vulgaris by sequence analysis of ITS2 rDNA region. The 
cyanobacteria is potentially a Leptolyngbya s.p. by sequence analysis of 23S rDNA region 
(Fawley and Fawley 2004). Composition of the co-culture is approximately 97% Chlorella 
vulgaris and 3% Leptolyngbya sp. based on cell count with flow cytometry. Preliminary studies 
have shown growth of Chlorella vulgaris in co-culture with Leptolyngbya sp. was approximately 
20 times higher than Chlorella vulgaris in monoculture. Also, the monoculture was eventually 
contaminated by fungi while the co-culture was resistant towards contamination. The native co-
culture has shown promise of producing lipids in a higher amount compared to other species. 
Batch experiments were done with the co-culture in order to investigate optimum growth 
parameters that affect the biomass productivity, such as irradiance, nitrogen, CO2 addition, and 
organic carbon addition to provide foundational growth data for biotechnology applications. 
Secondly, the co-culture was tested for its growth behavior in continuous system of HISTAR. 
These data are presented in this thesis. 
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1.4. Research Objectives 
The overall goal of this research was to provide baseline growth data and characteristics 
for the Louisiana native Chlorella vulgaris/Leptolyngbya sp. co-culture, selected for biofuel and 
biotechnology applications. This research had three primary objectives to determine optimum 
conditions that result in the Louisiana native co-culture maximum growth. The objectives were 
to:  
1. Determine the effect of irradiance, nitrogen and CO2 level on the Louisiana native co-
culture growth rate and biomass productivity in batch process. 
2. Determine the effect of organic carbon addition and the C:N ratio for heterotrophic or 
mixotrophic growth on the Louisiana native co-culture growth rate, biomass 
productivity and lipid productivity in batch process. 
3. Test the Louisiana native co-culture growth behavior under cultivation in the 
HISTAR system used for continuous microalgal biomass production. 
Batch experiments were done with the co-culture in order to investigate optimum growth 
parameters that affect the biomass productivity, such as irradiance, nitrogen, CO2 addition, and 
organic carbon addition to provide foundational growth data for biotechnology applications. 
Secondly, the co-culture was tested for its growth behavior in HISTAR. These data are presented 
in this thesis. 
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2. IMPACT OF CULTURE CONDITIONS ON THE GROWTH OF LOUISIANA 
NATIVE CHLORELLA VULGARIS/LEPTOLYNGBYA SP. CO-CULTURE 
2.1. Introduction 
Interest in alternative renewable energy, especially biofuels, has increased in the era of 
uncertainty of the current fossil fuel sustainability and global climate change concerns. From the 
136 billion liters target of renewable fuel blended into transportation fuel by 2022, only 61 
billion liters is expected to be from cellulosic biofuels (EPA 2012). Microalgae are considered a 
promising renewable feedstock for biofuel production that could fulfill the remaining 75 billion 
liters mandated. The advantages that microalgae offer as biofuel feedstock (Chisti 2007; Pienkos 
and Darzins 2009; Phukan et al. 2011): 1) have high productivity per unit area; 2) is not from 
food crops; 3) have the ability to be grown on non-productive land; 4) have the ability to utilize 
various water sources from fresh, saline, or even waste water. Microalgae can be converted into 
biodiesel, bioethanol, biogas, or hydrogen fuel (Chisti 2007; Takeshita 2011). Besides for energy 
applications, microalgae also provide valuable co-products useful as aquaculture feed, food 
coloring, cosmetics, or pharmaceutical applications (Rusch and Christensen 2003; Brennan and 
Owende 2010). 
Despite these advantages, the current selling prices of biofuel from microalgae are still 
relatively high; $2.82 L
-1
 for open ponds and $5.25 L
-1
 for photobioreactors (Haq 2012). 
Projections have shown that future selling price could go as low as $0.53-1.59 L
-1
 (Huntley and 
Redalje 2007; Haq 2012) with the improvement on the cultivation techniques. Most microalgal 
cultivation is based on a single species as the inoculum (Illman et al. 2000; Li, Horsman, Wang, 
et al. 2008; Ota et al. 2009; Xin et al. 2010; Mallick et al. 2012). However, it is difficult to 
maintain monocultures (especially laboratory strains) in large scale, open systems as 
contamination of foreign species is highly possible and can take over the culture (Parmar et al. 
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2011). Another problem is the species predation by zooplankton. The problems faced by 
laboratory strains are likely because they are not adaptive with local environment. An approach 
is to cultivate screened native species, which are expected to have higher adaptability to local 
outdoor environment and more likely to be resistant by contamination of invasive species, while 
minimizing the impact on local ecosystems (Sheehan et al. 1998; Rodolfi et al. 2008; Fishman et 
al. 2010).  
Instead of using monocultures, several researchers explored the symbiotic relationships 
between the microalgal species with other microorganisms, particularly bacteria or cyanobacteria 
(Gonzales and Bashan 2000; Imase et al. 2008; Park et al. 2008; Ueda et al. 2009; de-Bashan et 
al. 2011). Several microalgae had increase in growth when co-cultivated with bacteria, such as 
Chlorella vulgaris with Azospirillum brasilense (de-Bashan et al. 2011), Chlorella sorokiniana 
with symbiotic bacteria CSSB-3 (Imase et al. 2008), and Chlorella saccharophila with 
Phyllobacterium (Ueda et al. 2009). Symbiotic relationships between microalgae and 
cyanobacteria also has been reported, with the cyanobacteria possibly providing growth factors 
such as Fe, CO2, NH4
+
, NO3 or PO4
3-
 and lowering oxygen concentrations for nitrogen fixation 
(Graham and Wilcox 2000). Although the exact mechanisms of the microalgae-cyanobacteria 
symbiotic relationship are unknown, co-culture cultivation, especially co-culture isolated from 
local environment, might be the appropriate cultivation technique for a sustained biomass 
production for biofuel. 
Both microalgae and cyanobacteria capture light energy for photosynthesis. The 
irradiance (expressed in units of μmol photons m-2 s-1) directly influences the ability of 
photoautotrophic microalgae and cyanobacteria to perform photosynthesis. Photons are captured 
by the light-harvesting hydrophobic pigment-protein complexes that contain chlorophyll-a, 
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chlorophyll-b and carotenoids in microalgae, and by the hydrophilic phycobiliproteins in 
cyanobacteria (Richmond 2004). The harvested light energy is used in Photosystem II (PS II) 
located in the thylakoid membrane of the microalgae/cyanobacteria for the generation of ATP, 
and in Photosystem I (PS I) for the generation of NADPH. Both ATP and NADPH are essential 
for the inorganic carbon fixation in the dark reactions. In respond of irradiance change, the PS II 
modulates its light harvesting capacity by changing the number of its reaction centers. At low 
irradiance pigmentation is increased, meanwhile under higher irradiance it is reduced, with 
excess irradiance leads to the photoinactivation of PS II (Falkowski and Raven 1997). The 
microalgal photosynthesis rate increases with the increase of irradiance until it reaches a plateau. 
At even higher irradiance, photoinhibition, the decrease of photosynthesis rate occurs (Han et al. 
2000; Richmond 2004). 
In the dark reaction, inorganic carbon (CO2 or HCO3
-
) is fixed in the process named 
Calvin-Benson cycle (Richmond 2004). In the carboxylation phase CO2 is added to Ribulose-bis-
P to form Glycerate-P with the catalyst Rubisco enzyme, which is the photosynthesis rate 
limiting enzyme. Energy from ATP and NADPH is added via reduction and phosphorylation to 
the cycle to produce end products of carbohydrate as the primary end-product, and other 
products such as fats, fatty acids, amino acids and carboxylic acids. Additional CO2 (with around 
2-5% v/v is usually supplied to microalgal/cyanobacterial culture as the natural CO2 
concentration in the air (about 0.03% v/v) is too low for optimum growth in exponential phase 
(Suh and Lee 2003; Becker 2008). Aeration and continuous mixing also increases the diffusion 
coefficient for CO2 transfer from air-culture interphase (Becker 2008). 
Other abiotic factors essential for microalgal/cyanobacterial growth are nitrogen, 
phosphorus, secondary nutrients and trace elements (Becker 2008). Nitrogen is a critical element 
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of all structural and functional proteins in microalgal/cyanobacterial cells (Richmond 2004). 
Limiting the nitrogen could affect microalgal/cyanobacterial growth by the reduction of 
photosynthetic efficiency due to loss of chlorophyll-a pigments, PS II reaction center proteins, 
and degradation of phycobilisomes for cyanobacteria (Kolber et al. 1988; Geider et al. 1993; 
Berges et al. 1996; Richmond 2004). However, the microalgal/cyanobacterial lipid content (that 
contains the highest energy) is increased with the limitation of nitrogen as the carbon fixed in the 
Calvin-Benson cycle is switched from protein to lipid synthesis (Shifrin and Chisholm 1981; 
Gombos et al. 1987; Thompson 1996; Illman et al. 2000; Li, Horsman, Wang, et al. 2008; Hsieh 
and Wu 2009; Xin et al. 2010). A balance of optimum growth rate and lipid productivity has to 
be in consideration when choosing the nitrogen level for microalgal/cyanobacteria cultivation. 
In this study, a Louisiana native microalgal/cyanobacterial co-culture was examined. This 
co-culture was isolated from a local lake water sample and proven to be resistant under change of 
conditions such as extreme pH and temperature shift (unpublished data). Also, although the 
reasons are still unclear, the growth of the co-culture was higher than the microalgae itself in 
monoculture. The impact of the irradiance and nitrogen level with two different aeration and 
carbon conditions was investigated in order to determine optimum growth parameters for the 
Louisiana native microalgal/cyanobacterial co-culture. 
2.2. Materials and Methods 
The effect of irradiance (5 levels: scalar irradiance of 180, 400, 600, 800, 1200 µmol m
-2
 
s
-1
 which corresponds to incident surface irradiance of 103, 310, 520, 715, 1078 respectively) 
and nitrogen (2 levels: 2.94 and 1.47 mM N) at two CO2-enriched aeration conditions 
(continuous aeration+CO2 and no aeration+daily CO2 injection only) on the dry biomass, 
productivity, specific growth rate, photosynthetic efficiency (based on biomass yield on light 
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energy), and chlorophyll-a content of a Louisiana native microalgal/cyanobacterial co-culture 
species was explored to provide baseline growth data as a determinant of biotechnology 
application potential. Bold’s Basal medium was used as it provides good growth rate with many 
species (Stein 1973; Richmond 2004), and the lower nitrogen level (1.47 mM N = 50% N of 
Basal media) was tested to provide microalgal stress conditions to increase microalgal lipid 
accumulation while still promoting microalgal growth as described in various studies (Kolber et 
al. 1988; Illman et al. 2000; Li and Qin 2005; Lafarga-De la Cruz et al. 2006; Hsieh and Wu 
2009). 
2.2.1. Microalgal Species 
The co-culture examined was a mixture of a microalgal species and a cyanobacterial 
species referred to as the “Louisiana co-culture” in this paper. This co-culture was isolated from 
a lake adjacent to Louisiana State University (College Lake, Baton Rouge, Louisiana). 
Identification of the microalgae and the cyanobacteria was provided by personnel of the 
University of Texas (UTEX) Culture Collection of Algae. The microalgae was identified as 
Chlorella vulgaris by sequence analysis of ITS2 rDNA region. The cyanobacteria was identified 
as potentially Leptolyngbya sp. by sequence analysis of 23S rDNA region (Fawley and Fawley 
2004). Composition of the co-culture is approximately 97% Chlorella vulgaris and 3% 
Leptolyngbya sp. by cell count based on flow cytometry. 
Stock cultures of the Louisiana co-culture were maintained in Bold’s Basal medium 
(Bold 1949) mixed in sterilized deionized water and containing NaNO3 (2.94 mM), CaCl2·H2O 
(0.17 mM), MgSO4·7H2O (0.3 mM), K2HPO4 (0.43 mM), KH2PO4 (1.29 mM), NaCl (0.43 mM), 
P-IV metal solution (Na2EDTA·2H2O, FeCL3·6H2O, MnCl2·4H2O, ZnCl2, CoCl2.6H2O, 
Na2MoO4·2H2O), vitamin B12 solution, biotin vitamin solution, and thiamine vitamin solution. 
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The stock cultures were maintained in two liter Erlenmeyer flasks with one liter volume of 
culture, placed under a 400 watt high pressure sodium (HPS) lamp that gave a surface incident 
irradiance of approximately 310 µmol m
-2
 s
-1
. Temperature was maintained at 25±2°C and 
continuous aeration was provided at 0.47 L min
-1
 (1 SCFH). Carbon dioxide was injected daily 
(0.47 L min
-1
 for one minute) to maintain the culture pH between 7 – 8. Approximately one third 
of the stock culture was replenished weekly with Bold’s Basal medium to maintain growth. 
2.2.2. Experimental Design 
The experiment was executed in batch mode following a randomized block, two-factorial 
design (five irradiance levels x two nitrogen levels). The experiment was sequentially replicated 
three times. The first experiment was executed with no aeration and a daily injection of CO2 at 
0.24 L min
-1
 (0.5 SCFH) for 15 seconds, and the cultures will be referred as “non-aerated 
cultures”. A second experiment was executed with continuous aeration at 0.47 L min-1 (1 SCFH) 
and the cultures will be referred as “aerated cultures”. Aeration was provided from an air pump 
connected via silicone tubing with a 5 mL sterile plastic serological pipette at the end submerged 
inside the culture. Carbon dioxide was adjusted to be injected every 72 minutes at 0.24 L min
-1
 
(0.5 SCFH) for two minutes, which equates to a continuous CO2-enriched aeration with 2% v/v 
CO2. Tubing from the CO2 gas cylinder was connected directly to the air tubing right after the air 
pump. The Erlenmeyer flasks were capped with foam plugs functioning as a breathable stopper. 
Irradiance was provided continuously from 400 watt high pressure sodium (HPS) lamps. 
Two types of irradiance were measured; incident irradiance (using a Li-Cor LI-190 flat quantum 
sensor) and scalar irradiance (using a Li-Cor LI-193 spherical quantum sensor). For the incident 
surface irradiance measurements, the flat sensor was inserted from the hole at the bottom of the 
reference measurement flask and positioned right below the culture surface, so the top surface of 
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the flat sensor was parallel to the culture surface. For scalar irradiance, the spherical sensor was 
completely submerged in the media inside the two liter Erlenmeyer flask. The scalar irradiance 
presented is the scalar irradiance in media only, where the Louisiana co-culture concentration = 0 
g m
-3
. Scalar irradiance was measured since it gives a better estimate of energy input at t=0 for a 
culture in a glass Erlenmeyer flask. Five different irradiance levels were achieved by adjusting 
the HPS lamp distance with the culture, giving the incident surface irradiance of 103, 310, 520, 
715 and 1078 µmol m
-2
 s
-1
 equivalent to
 
initial scalar irradiances of 180, 400, 600, 800 and 1200 
µmol m
-2
 s
-1
, respectively. The incident irradiance remains constant throughout the experiment 
since it was measured at the culture surface; while the scalar irradiance measured inside the 
cultures was expected to drop as the co-culture concentration increased. The term “irradiance” 
mentioned in this chapter will refer to the initial scalar irradiance. The nitrogen levels tested were 
2.94 mM N and 1.47 mM N at t=0, which are equivalent to 100% and 50% of the nitrate nitrogen 
(NO3
-
-N) concentration in the Bold’s Basal medium (Bold 1949). 
Prior to the start of the non-aerated experiment but not for the aerated experiment, the 
stock culture was first acclimated to the respective irradiance and nitrogen levels. The initial 
concentration of Louisiana co-culture was 100 g m
-3
 in each treatment flask. The biomass 
concentration of the stock culture used as inoculum was first determined, and then stock culture 
was added accordingly to the Bold’s Basal medium ensuring initial concentration of 100 g m-3 
with the final volume of one liter. The temperature was maintained at 25±1°C by placing all the 
Erlenmeyer flasks in a circulating water bath. Water loss by evaporation due to aeration was 
compensated by adding sterilized deionized water daily, returning the water level to the previous 
day’s level. 
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2.2.3. Biomass Productivity, Net Specific Growth Rate, and Chlorophyll-a Concentration 
Ten milliliters of initial and five milliliters of final Louisiana co-culture from each 
treatment flask were extracted using sterile plastic serological pipettes for dry biomass 
measurement according to LSU Civil and Environmental Engineering Water Quality Lab SOP 
PA 200, which was adapted from Standard Method 2540D (APHA 2001a) with modification of 
the drying temperature (65°C) and duration (three hours) to avoid evaporation of volatile 
compounds. The GF/C filter paper with 1.2 µm pore size was used instead of the GF/F filter 
paper which has 0.7 µm pore size. A preliminary experiment was conducted to make sure no 
Leptolyngbya sp. cells were lost during filtration since they usually have cell size of less than 1 
µm in diameter. The decant water from filtration was analyzed for its cell count using Accuri
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C6 flow cytometer. No Chlorella vulgaris or Leptolyngbya sp. cells were detected in the decant 
water; hence no cells were lost by filtering Louisiana co-culture using the GF/C filter paper. The 
dry biomass measurements were performed in a triplicate for each non-aerated sample and once 
for each aerated sample. 
The growth of the Louisiana co-culture was monitored daily by measuring optical density 
at wavelengths 664 nm and 750 nm with a HACH DR/4000 UV/Vis Spectrophotometer. About 
four milliliters of sample from each treatment flask were collected using a 5 mL sterile plastic 
serological pipette. In addition for monitoring growth, optical density was taken to determine 
when the culture reached the stationary phase. The experiment ended when no increase in optical 
density was observed for two consecutive days. At the end of the experiment, the cultures were 
transferred into one liter plastic bottles and preserved at -20°C until analyzed. 
The daily optical density readings at wavelength 664 nm were converted to biomass 
density. Calibration curves for each treatment were prepared. For the first experiment with no 
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aeration, the calibration curves were prepared for each replicate and used for that replicate only. 
Meanwhile for the second experiment with CO2-enriched aeration, one calibration curve for each 
treatment was used for the three replicates. From the culture samples collected at the end of the 
experiment, five dilution levels were prepared to obtain five different co-culture concentrations. 
The optical density at wavelength 664 nm was then measured and the actual biomass 
concentration was determined according Standard Method 2540D (APHA 2001a) with 
modification as mentioned before. The calibration curve was used to convert daily optical 
density readings (absorbances) into daily biomass concentrations. The daily biomass 
concentrations were used to calculate daily volumetric productivity (Pdw, g m
-3
 d
-1
) and the net 
specific growth rate (d
-1
). The decay rate was assumed negligible as the culture had a relatively 
high growth rate and short cultivation time. The daily volumetric productivity and net specific 
growth rate presented are the mean values of the treatment replicates. 
The net specific growth rate mean value ± standard deviation was plotted against initial 
scalar irradiance for the purpose of fitting the curve with empirical models that relate the effect 
of irradiance to microalgal growth (Steele 1962; Patten 1968; Bannister 1974). For cultures 
without aeration and daily CO2 injection only, the data points were fitted using Steele’s kinetics 
(Steele 1962): 
opt
a
I
I
opt
a e
I
I 

1
max  (2.1) 
where µ (d
-1
) is the specific growth rate, µmax (d
-1
) is the maximum specific growth rate, Ia (µmol 
m
-2
 s
-1
) is the scalar irradiance, and Iopt (µmol m
-2
 s
-1
) is the optimum scalar irradiance. As the 
decay rate was negligible, the net specific growth rate (U, d
1
) is the same as µ. This model is 
based on an exponential function that peaks at the optimum irradiance (Iopt) which gives the 
maximum specific growth rate (µmax) and declines at higher levels of irradiance, appropriate for 
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application with moderate density cultures (Steele 1962; Pulz 2001). The µmax and Iopt were 
determined by calculating the minimum root mean square error (RMSE). For cultures with CO2-
enriched continuous aeration, the data points were fitted with a hyperbolic function proposed by 
Molina Grima et. al. (Grima et al. 1997): 
ak
a
II
I


 max

  (2.2) 
where Ik (µmol m
-2
 s
-1
) is the light affinity constant for microalgae. The Ik constant is the 
irradiance that gives half µmax. This model is more appropriate for dense cultures. 
Duplicate measurements of chlorophyll-a concentration (mg m
-3
) for ten milliliters of the 
initial and five milliliters of the final culture were made according to Standard Method 10200H 
(APHA 2001b) using a Turner TD4000 fluorometer. The chlorophyll-a concentration was 
measured as a representative of the co-culture’s pigment production with respect to the impact of 
different nitrogen and irradiance levels. 
2.2.4. Biomass Yield on Light Energy and Photosynthetic Efficiency 
The efficiency of the Louisiana co-culture to use the light energy available for biomass 
formation can be represented by the biomass yield on light energy input (Janssen et al. 2002; 
Zijffers et al. 2010): 
A
V
PFD
P
Y
d
dw
Edw ,  (2.3) 
where Ydw,E  is the biomass yield per light energy (g (mol photon)
-1
), Pdw (g m
-3
 d
-1
) is the 
microalgal biomass productivity, PFDd (mol photon m
-2
 d
-1
) is the daily scalar irradiance in the 
term of photons received per area, and V/A (m
3
 m
-2
) is the volume to surface area ratio of the 
culture. For one liter culture in a 2-L Erlenmeyer flask, the volume (V) of culture inside the flask 
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was 0.001 m
3
 and the surface area (A) exposed to irradiance was 0.044 m
2
.  This gives the 
calculated volume to surface area ratio (V/A) of 0.023 m. 
The photosynthetic efficiency (%), which represents the percentage of light energy 
converted into energy stored in the Louisiana co-culture biomass, is calculated by: 
%100, 
E
C
YPE BEdw  (2.4) 
where PE (%) is the photosynthetic efficiency, CB (kJ gram
-1
) is the caloric content of the 
Louisiana co-culture, E (kJ (mol photon)
-1
) is the conversion of the scalar irradiance to energy 
input. The mean caloric content (CB) of a freeze-dried Louisiana co-culture sample, measured in 
a triplicate using a Parr 6200 calorie bomb calorimeter, was 21.32±0.31 kJ g
-1
. For HPS lamps in 
the 400-700 nm range, the conversion of irradiance to energy (E) is estimated to be 201 kJ (mol 
photon)
-1
 as reported by Thimijan and Heins (1983). The calculated biomass yield on light 
energy and photosynthetic efficiency was then regressed against scalar irradiance to develop a 
relationship between scalar irradiance and biomass yield on light energy/photosynthetic 
efficiency. This data correlated with the biomass productivity and chlorophyll-a content was 
used for the determination of the optimum irradiance level. 
2.2.5. Statistical Analyses 
The statistical analyses for the non-aerated and aerated cultures were done separately as 
they were performed at two different times and homogeneity of variances was not met. Two-way 
ANOVA (analysis of variance) on the total dry biomass concentration, productivity, specific 
growth rate, chlorophyll-a concentration and chlorophyll-a content was performed using SAS 
(version 9.1.3) to detect any significant difference within treatment and between treatment 
combinations (five irradiance levels x two nitrogen levels). Tukey’s adjustments method was 
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chosen for treatment comparisons and grouping because it allows for all possible pairwise tests. 
Although the Tukey method is least likely to detect a difference, it is least likely to make Type I 
errors compared to other adjustment such as LSD (least significant difference), Bonferroni’s, or 
Duncan’s multiple range test. All statistics were based on a confidence level of 95%, and P<0.05 
was considered statistically significant. 
2.3. Results and Discussion 
The effects of irradiance and nitrogen under two different aeration conditions, were 
investigated on the Louisiana co-culture’s biomass, productivity, specific growth rate, 
chlorophyll-a concentration and content, biomass yield on light energy and photosynthetic 
efficiency. This study provided baseline growth data for the cultivation of Louisiana co-culture. 
2.3.1. Biomass Productivity, Net Specific Growth Rate, and Chlorophyll-a Concentration 
Based on the ANOVA analysis, nitrogen had a significant effect on the biomass 
concentration (p<0.0001) for both non-aerated and aerated cultures (Table 2.1). For non-aerated 
cultures, the biomass concentration at nitrogen level 2.94 mM N had significantly higher 
biomass concentration compared to at nitrogen level 1.47 mM N. Meanwhile for aerated 
cultures, although the biomass concentration at nitrogen level 2.94 mM N for all irradiance levels 
were higher compared to at nitrogen level 1.47 mM N, only culture with irradiance 1200 µmol 
m
-2
 s
-1
 had significantly higher biomass concentration at 2.94 mM N compared to 1.47 mM N 
based on the statistical analysis. Lower nitrogen levels may have led to nitrogen limitation, 
where the lack of nitrogen impacted the formation of structural and functional proteins 
(Richmond 2004), which possibly hindered the overall co-culture growth. 
For non-aerated cultures, irradiance had a significant effect on the biomass concentration 
(p<0.0001). The maximum biomass concentration between 1,116 – 1,122 g m-3 was achieved 
42 
 
with 2.94 mM N, at irradiance 400 µmol m
-2
 s
-1
 and 800 µmol m
-2
 s
-1
 for the non-aerated 
cultures. However for the aerated cultures, irradiance did not have a significant effect (p= 
0.2590) on the biomass concentration. With 2.94 mM N, the biomass concentration obtained was 
between 1,807 – 2,440 g m-3 for irradiance 180 – 1200 µmol m-2 s-1. 
An interesting founding was observed for the biomass concentration at 600 µmol m
-2
 s
-1
. 
Basing on the hypothesis that the growth rate and thus the biomass concentration should increase 
when the irradiance was increased, the biomass concentration at 600 µmol m
-2
 s
-1
 theoretically 
should be higher than at 400 µmol m
-2
 s
-1
 unless photoinhibition occurred. However, only for the 
aerated culture at 1.47 mM N was this true, while the aerated culture at 2.94 mM N and non-
aerated culture at 1.47 mM N and 2.94 mM N had lower biomass concentration at 600 µmol m
-2
 
s
-1
 compared to at 400 µmol m
-2
 s
-1
 (although only for non-aerated culture at 2.94 mM N was 
significantly lower). This may be related to the interaction between Chlorella vulgaris and 
Leptolyngbya sp. in the culture. At lower irradiances, the overall growth may have been 
Table 2.1. Biomass concentration* (g m
-3
) of the Louisiana co-culture at different irradiance 
and nitrogen levels for non-aerated and aerated cultures. 
Initial Scalar 
Irradiance  
(μmol m-2 s-1) 
1.47 mM N 2.94 mM N 
Non-aerated cultures (with daily CO2 injection) 
180 
400 
600 
800 
1200 
498 
690 
521 
734 
399 
± 
± 
± 
± 
± 
45
de 
75
bcd 
20
cde 
96
b 
32
e 
859 
1,122 
887 
1,116 
724 
± 
± 
± 
± 
± 
123
b 
64
a 
52
b 
43
a 
85
bc
 
Aerated cultures (with 2% CO2 v/v air) 
180 
400 
600 
800 
1200 
1,367 
1,553 
1,647 
1,447 
1,467 
± 
± 
± 
± 
± 
307
g 
325
fg 
197
fg 
234
g 
293
g 
1,807 
2,373 
1,933 
2,340 
2,440 
± 
± 
± 
± 
± 
133
fg 
431
f 
546
fg 
314
fg 
399
f
 
*Mean ± standard error for non-aerated cultures and mean ± standard deviation for aerated 
cultures. Different letters represent significant difference (p<0.05). 
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influenced by the cyanobacteria Leptolyngbya sp. as cyanobacteria thrives at lower irradiance 
(Mur et al. 1999; Mullineaux and Emyln-Jones 2004). And at higher irradiance, the microalgae 
Chlorella vulgaris may have a higher growth rate and impact the overall co-culture growth. A 
scalar irradiance of 600 µmol m
-2
 s
-1
 may be the point where the Leptolyngbya sp. growth was 
photoinhibited meanwhile the Chlorella vulgaris growth was photolimited, which could explain 
the phenomenon that happens at this irradiance level. 
The daily biomass productivity for both non-aerated and aerated cultures (Table 2.2) was 
affected by the nitrogen level (p<0.0001). Similar to the biomass concentration, non-aerated 
cultures had significantly higher biomass productivity at 2.94 mM N compared at 1.47 mM N for 
all irradiance levels except for 1200 µmol m
-2
 s
-1
. For aerated cultures, all irradiance levels had 
higher biomass at 2.94 mM N than at 1.47 mM N although only for irradiance levels 400, 800, 
and 1200 µmol m
-2
 s
-1
 was the difference significant statistically. 
Irradiance had a significant effect on the biomass productivity (p= 0.0057) for the non-
Table 2.2. Biomass productivity* (g m
-3
 d
-1
) of the Louisiana co-culture at different 
irradiance and nitrogen levels for non-aerated and aerated cultures. 
Initial Scalar 
Irradiance  
(μmol m-2 s-1) 
1.47 mM N 2.94 mM N 
Non-aerated cultures (with daily CO2 injection) 
180 
400 
600 
800 
1200 
39 
37 
39 
31 
32 
± 
± 
± 
± 
± 
7
bc 
1
c 
5
bc 
8
c 
9
c 
56 
55 
59 
53 
36 
± 
± 
± 
± 
± 
10
a 
5
a 
19
a 
6
ab 
5
c
 
Aerated cultures (with 2% CO2 v/v air) 
180 
400 
600 
800 
1200 
198 
210 
247 
178 
189 
± 
± 
± 
± 
± 
56
e 
44
e 
28
de 
34
e 
33
e 
250 
290 
296 
323 
305 
± 
± 
± 
± 
± 
24
de 
44
d 
92
d 
72
d 
60
d 
*Mean ± standard deviation. Different letters represent significant difference (p <0.05). 
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aerated cultures. At 2.94 mM N, the maximum biomass productivity for the non-aerated cultures 
was between 53 – 59 g m-3 d-1 at irradiance 180 – 800 µmol m-2 s-1. For aerated cultures, 
irradiance did not have a significant effect on the biomass productivity (p= 0.3528). At 1.47 mM 
N the biomass productivity was between 178 – 247 g m-3 d-1 meanwhile at 2.94 mM N the 
biomass productivity was between 250 – 323 g m-3 d-1 for aerated cultures. It should be noted 
also that aerated cultures were harvested earlier than non-aerated cultures, since the aerated 
cultures were assumed to exhaust the nutrients faster due to higher growth rate. A shorter 
cultivation time could translate in higher biomass productivity, as the time element is the 
dividing factor in the calculation. 
The experiment with non-aerated cultures lasted longer than aerated cultures. For the 
aerated cultures, the exponential phase was observed during days 1 – 5, while for the non-aerated 
cultures exponential phase can be observed from days 1 – 8 albeit at lower rate compared to 
aerated cultures (Figure 2.1). The aerated cultures reached stationary phase earlier than non-
aerated cultures, harvested by day 8 while the non-aerated cultures were harvested at day 10 – 
12. As mentioned before the nutrients may have been consumed faster by the aerated cultures 
compared to the non-aerated cultures, which may explain why aerated cultures entered stationary 
phase faster. 
According to ANOVA analysis (Table 2.3), the nitrogen level did not have significant 
effect towards the net specific growth rate for both non-aerated cultures (p= 0.5308) and aerated 
cultures (p= 0.2554). The explanation might be that during the exponential phase, the nitrogen 
available for microalgal/cyanobacterial uptake was still abundant for both 2.94 mM N and 1.47 
mM N thus the net specific growth rate was relatively the same. Then cultures with lower 
nitrogen entered stationary phase earlier than cultures with higher nitrogen as the nitrogen supply 
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Figure 2.1. Growth curves of the Louisiana co-culture under (a) 180, (b) 400, (c) 600, (d) 800, 
and (e) 1200 µmol m
-2
 s
-1
, for non-aerated (left column) and aerated (right column) cultures. 
(a) 
(b) 
(c) 
(d) 
(e) 
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was possibly depleted, while the cultures with higher nitrogen kept growing. Thus, it explains 
why the biomass concentration at 2.94 mM N was higher than 1.47 mM N for non-aerated 
cultures and aerated cultures (but not statistically different) although there was no significant 
difference between the net specific growth rate. 
 For non-aerated cultures, irradiance had a significant effect on the net specific growth 
rate (p<0.0001). The net specific growth rate versus initial scalar irradiance curve was fitted 
using Steele’s kinetics (Figure 2.2) for the non-aerated cultures, which is appropriate for 
moderate density cultures (Steele 1962; Pulz 2001). The maximum net specific growth rate at 
2.94 mM N was 0.28 d
-1
 with a peak irradiance of 401 μmol m-2 s-1. At 1.47 mM N, the 
maximum net specific growth rate was 0.27 d
-1
 with a peak irradiance of 393 μmol m-2 s-1. 
Meanwhile for the aerated cultures, irradiance also had a significant effect on the net specific 
growth rate (p<0.0002). However, only the net specific growth rate at 180 µmol m
-2
 s
-1
 was 
detected to be different than the other irradiance levels. For a denser culture like those with 
aerated cultures, the Molina Grima’s hyperbolic function (Eq. 2.2) was used to fit the net specific 
Table 2.3. Net specific growth rate* (d
-1
) of the Louisiana co-culture at different irradiance and 
nitrogen levels for non-aerated and aerated cultures. 
Initial Scalar 
Irradiance 
(μmol m-2 s-1) 
1.47 mM N 2.94 mM N 
Non-aerated cultures (with daily CO2 injection) 
180 
400 
600 
800 
1200 
0.25 
0.17 
0.25 
0.15 
0.21 
± 
± 
± 
± 
± 
0.04
ab 
0.01
cd 
0.04
ab 
0.02
d 
0.03
abc 
0.27 
0.18 
0.25 
0.19 
0.15 
± 
± 
± 
± 
± 
0.06
a
 
0.02
cd 
0.05
a 
0.03
bcd 
0.02
cd 
Aerated cultures (with 2% CO2 v/v air) 
180 
400 
600 
800 
1200 
0.71 
0.87 
0.78 
0.78 
0.79 
± 
± 
± 
± 
± 
0.04
i 
0.10
ef 
0.03
ghi 
0.04
ghi 
0.02
fghi 
0.73 
0.90 
0.82 
0.84 
0.84 
± 
± 
± 
± 
± 
0.05
hi 
0.14
e 
0.08
efgh 
0.02
efg 
0.02
efg 
*Mean ± standard deviation. Different letters represent significant difference (p <0.05) 
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growth rate versus initial scalar irradiance curve. This function was used to describe the extreme 
change of net specific growth rate at low irradiance to high irradiance regions, and 
photoinhibition was assumed to not occur at higher irradiance (Bannister 1979; Grima et al. 
1994). Fitting the aerated cultures with the hyperbolic function (Figure 2.3), the maximum net 
specific growth rate at 2.94 mM N is 0.88 d
-1
, with Ik = 29 µmol m
-2
 s
-1
. At 1.47 mM N, the 
maximum net specific growth rate is 0.82 d
-1
, with Ik = 21 µmol m
-2
 s
-1
. 
The aerated cultures do not seem to follow Steele kinetics, where the maximum net 
specific growth rate was rather broadened in a range of irradiance (or light-saturated). This might 
be due to two factors, light interference because of turbulence and mixing. Light entering the 
culture becomes scattered by the air bubbles produced by aeration. Meanwhile the aeration also 
causes mixing which avoids cells on the surface to be exposed to prolonged high irradiance level, 
thus minimizing photoinhibition as the cells moved in and out of the photic zone. More 
importantly the co-culture cells experienced a light:dark cycle with the mixing, aiding the 
 
Figure 2.2. Net specific growth rate fitted with Steele kinetics for non-aerated cultures. For 
2.94 mM N: Iopt= 401 µmol m
-2
 s
-1
, Umax= 0.28 d
-1
. For 1.47 mM N: Iopt= 393 µmol m
-2
 s
-1
, 
Umax= 0.27 d
-1
. 
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photosynthesis process which shifts from the light reactions to the dark reactions (Janssen 2002a; 
Richmond 2004). It is also suggested that fast alternations between light and dark regimes 
enhances the photosynthetic efficiency, a phenomenon called flashing light effect observed under 
short light:dark cycle from 40 µs up to 1 s (Matthijs et al. 1996; Nedbal et al. 1996). Aeration 
may have also reduced diffusion issues related to the uptake of nitrogen (Becker 2008). It should 
be noted that physiologically, microalgae/cyanobacteria follows Steele kinetics with a µmax peak 
at Iopt. The hyperbolic function should only be applied within the range of irradiance tested. 
Because if the results are extrapolated to higher irradiance values, at some point the net specific 
growth rate should finally decrease and the hyperbolic function may not be adequate. 
The information of the net specific growth rate becomes important when designing large 
scale, continuous co-culture biomass production systems. Under similar conditions, the system 
dilution rate (d
-1
) can be designed to match the specific growth rate (d
-1
) of the co-culture. By 
adjusting the system dilution rate the co-culture may be harvested right after the end of 
 
Figure 2.3. Net specific growth rate fitted with hyperbole kinetics proposed by Grima et al., 
1994 for aerated cultures. For 2.94 mM N: Umax= 0.88 d
-1
. For 1.47 mM N: Umax= 0.82 d
-1
. 
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exponential phase, as no significant increase of biomass is obtained when the co-culture enters 
stationary phase. 
Comparison of these net specific growth rate results with Chlorella species grown 
photoautrophically in monoculture are presented in Table 2.4. Compared to the other results, the 
Louisiana co-culture had the highest net specific growth rate of 0.90 d
-1
under initial scalar 
irradiance of 400 µmol m
-2
 s
-1
, 2.94 mM N and continuous aeration with 2% CO2 (v/v). Ilman et 
al. (2000) reported a specific growth rate of 0.77 d
-1
 for Chlorella vulgaris with 3.08 mM N and 
aeration with 5% CO2 (v/v). However, Ilman et al. (2000) did use lower irradiance of 76 µmol m
-
2
 s
-1
 (not stated whether it is initial irradiance value or a mean value) with 16:9 light:dark cycle. 
Others reported lower specific growth rate such as Mallick et al. (2012) with specific growth rate 
of 0.15 d
-1
 for Chlorella vulgaris and Heredia-Arroyo et al. (Heredia-Arroyo et al.) with specific 
growth rate of 0.12 d
-1
 for Chlorella protochecoides. Both were cultivated under higher nitrogen 
level of 9.90 mM N and 6.93 mM N respectively, and lower irradiance (75 µmol m
-2
 s
-1
, 
fluorescence light). What should also be considered is the cultivation time, where the Louisiana 
co-culture achieved maximum net specific growth rate of 0.91 d
-1
 and was harvested in 8 days, 
compared to Ilman et al. (2000) results which were harvested in 14 days and up to 30 days for 
results by Mallick et al. (2012). 
The chlorophyll-a concentration and content of the Louisiana co-culture was also 
measured, presented in Table 2.5 and Table 2.6, respectively. The nitrogen level had significant 
effect on the chlorophyll-a concentration for both the non-aerated cultures (p=0.0181) and 
aerated cultures (p=0.0068). Significant effect was also observed from ANOVA analysis for 
irradiance level for both non-aerated cultures (p= 0.0012) and aerated cultures (p= 0.0005). The 
chlorophyll-a concentration had the trend of decreasing as the irradiance level increased, 
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although for non-aerated cultures only the chlorophyll-a concentration at 180 µmol m
-2
 s
-1
 and 
2.94 mM N was significantly higher than other irradiance levels. The similar trend occurred for 
aerated cultures with exception for irradiance 600 µmol m
-2
 s
-1
, and also only chlorophyll-a 
concentration at 180 µmol m
-2
 s
-1
 and 2.94 mM N was significantly higher than other irradiance 
levels. 
At the low irradiance, the microalgal cells increased the production of chlorophyll-a 
pigment and other light harvesting pigments (chlorophyll-b, cholorophyll-c, phycobiliproteins), 
in order to achieve more efficient photosynthesis. Meanwhile when irradiance is in excess, 
photobleaching of chlorophyll-a occurred because of the absence of electron donors and 
acceptors that supports the photochemical dissipation of absorbed light energy (Carpentier 2005). 
This could explain why the chlorophyll-a concentration was the highest at scalar irradiance 180 
µmol m
-2
 s
-1
 and the lowest at 1200 µmol m
-2
 s
-1
. 
Ben-Amotz et al. (1982) and Vechtel et al. (1992) suggested that under high irradiance 
the carotenoids (zeaxanthin, β-carotene, astaxanthin) production increased which functioned as 
Table 2.5. Chlorophyll-a concentration* (mg m
-3
) of the Louisiana co-culture at different 
irradiance and nitrogen levels for non-aerated and aerated cultures. 
Scalar Irradiance 
(μmol m-2 s-1) 
1.47 mM N 2.94 mM N 
Non-aerated cultures (with daily CO2 injection) 
180 
400 
600 
800 
1200 
750 
226 
153 
147 
39 
± 
± 
± 
± 
± 
453
bc 
86
bc 
76
bc 
53
bc 
8
c 
2,846 
1,197 
718 
712 
156 
± 
± 
± 
± 
± 
1,997
a 
693
b 
300
bc 
226
bc 
40
bc 
Aerated cultures (with 2% CO2 v/v air) 
180 
400 
600 
800 
1200 
2,048 
1,670 
630 
879 
722 
± 
± 
± 
± 
± 
344
fg 
58
fg 
182
g
 
136
g 
25
g 
11,344 
3,622 
908 
2,916 
1,605 
± 
± 
± 
± 
± 
2770
d 
236
e 
295
g 
80
ef 
59
fg 
*Mean ± standard error. Different letters represent significant difference (p <0.05). 
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photoprotective agents. The culture color change is noticeable, dark green when chlorophyll-a 
pigments are abundant, and turning to yellow when carotenoids are present in higher amount. 
The chlorophyll-a concentration represents the physiological state of the co-culture, and also as a 
surrogate for the impact of irradiance on the pigment production. Moreover, the chlorophyll-a 
concentration also correlates to the photosynthetic efficiency of the Louisiana co-culture at the 
specific irradiance. 
2.3.2. Biomass Yield on Light Energy and Photosynthetic Efficiency 
The biomass yield on light energy and the photosynthetic efficiency for the Louisiana co-
culture was higher at nitrogen level 2.94 mM N than at 1.47 mM N for both non-aerated and 
aerated cultures. The biomass yield on light energy and the photosynthetic  energy was higher at 
the low scalar irradiance (180 µmol m
-2
 s
-1
), and decreased as the irradiance was increased as 
shown in Figure 2.4. The highest value was achieved with the aerated culture at nitrogen level of 
Table 2.6. Chlorophyll-a content* (mg (g biomass
-1
)) of the Louisiana co-culture at different 
irradiance and nitrogen levels for non-aerated and aerated cultures. 
Scalar Irradiance 
(μmol m-2 s-1) 
1.47 mM N 2.94 mM N 
Non-aerated cultures (with daily CO2 injection) 
180 
400 
600 
800 
1200 
1.56 
0.34 
0.29 
0.22 
0.10 
± 
± 
± 
± 
± 
1.00
b 
0.17
c 
0.14
c 
0.10
c 
0.02
c 
3.29 
1.02 
0.82 
0.64 
0.22 
± 
± 
± 
± 
± 
2.06
a 
0.50
bc 
0.37
bc 
0.19
bc 
0.07
c 
Aerated cultures (with 2% CO2 v/v air) 
180 
400 
600 
800 
1200 
1.53 
1.10 
0.38 
0.61 
0.50 
± 
± 
± 
± 
± 
0.28
e 
0.19
efg 
0.07
h
 
0.10
fgh 
0.08
gh 
6.24 
1.55 
0.80 
1.18 
0.67 
± 
± 
± 
± 
± 
1.16
d 
0.24
e 
0.22
gh
 
0.18
ef 
0.12
fgh 
*Mean ± standard error for non-aerated cultures and mean ± standard deviation for aerated 
cultures. Different letters represent significant difference (p <0.05). 
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2.94 mM N and scalar irradiance of 180 µmol m
-2
 s
-1
,
 
with the biomass yield on light energy of 
0.39 g mol photon
-1
 and the photosynthetic efficiency of 4.10%. Based on the photosynthetic 
efficiency calculations, scalar irradiance of 180 µmol m
-2
 s
-1
 appears to be the preferred level for 
the Louisiana co-culture cultivation. However it is not necessarily better to use scalar irradiance 
180 µmol m
-2
 s
-1
 than higher irradiance as it should be considered that the biomass concentration 
and productivity was the lowest at scalar irradiance 180 µmol m
-2
 s
-1
 compared to higher scalar 
irradiance of 400-800 µmol m
-2
 s
-1
. Thus, scalar irradiance of 400-800 µmol m
-2
 s
-1
 is still the 
preferred level range for the Louisiana co-culture cultivation although at 180 µmol m
-2
 s
-1
 the 
photosynthetic efficiency is higher. The photosynthetic efficiency has a direct correlation with 
the chlorophyll-a concentration and content, where the value decreased as the irradiance level 
increased. This shows that the chlorophyll-a pigments impacts the photosynthetic efficiency, as 
 
 
For irradiance (x) vs 
photosynthetic efficiency 
(y), the equations for data 
points fitted with 
exponential curve: 
 
 aerated, 1.47 mM N 
xey 002.0466.3   
 aerated, 2.94 mM N 
xey 002.0577.4   
 non-aerated, 1.47 mM N 
xey 002.0621.0   
 non-aerated, 2.94 mM N 
xey 002.0190.1   
 
Figure 2.4. Biomass yield on light energy and photosynthetic efficiency of the Louisiana co-
culture on various nitrogen and irradiance levels. All values decreased as the irradiance 
increased. 
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the chlorophyll-a pigments plays the role of capturing the photons required for energy in 
photosynthesis (Richmond 2004). 
While the theoretical maximum photosynthetic efficiency is reported to be 26.7% (Weyer 
et al. 2010), the actual photosynthetic efficiency reported varies from 2 – 11% (Hase et al. 2000; 
Morita et al. 2002; Xia and Gao 2003) and our value falls in this range. Compared to other 
results (Table 2.7), this experiment values are relatively low, especially compared to results of 
microalgal culture grown in photobioreactors that are designed with a higher surface area to 
volume ratio for maximum light exposure, which can achieve biomass yield on light energy 
above 1 g (mol photon)
-1
 (Fernández et al. 1998; Qiang et al. 1998; Cuaresma et al. 2011). For 
example Cuaresma et al. reported Ydw,E of 1 g (mol photon)
-1
 and Qiang et al. reported Ydw,E of 
1.48 g (mol photon)
-1
 using a flat panel reactor with illuminated surface area of 0.119 m
2
 and 
0.100 m
2
 respectively, compared to an illuminated surface area of 0.044 m
2
 in this experiment. 
Optimizing the surface area of the Louisiana co-culture exposed to irradiance will be an option to 
increase the biomass yield on light energy and photosynthetic efficiency. 
 
Table 2.7. Comparison of biomass yield on light energy of various species. 
Species Photobioreactor 
type 
Irradiance, 
µmol m-2 s-1 
Ydw,E, 
g (mol 
photons)
-1 
Source 
Chlorella-
cyanobacteria 
co-culture 
2-L Erlenmeyer 
flask 
180 
400 
0.39 
0.22 
this work* 
Chlorella 
sorokiniana 
Flat panel 
reactor 
2,100 1.00 
(Cuaresma 
et al. 2009) 
Spirulina 
platensis 
Flat panel 
reactor 
1,800 1.48 
(Qiang and 
Richmond 
1996) 
Phaeodactylum 
tricornutum 
Tubular reactor 327-738 0.48-0.63 
(Fernández 
et al. 1998) 
*with aeration and CO2 addition, N=2.94 mM N 
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2.4. Conclusions 
This study investigated the growth behavior of a native Louisiana Chlorella 
vulgaris/Leptolyngbya sp. co-culture. Lowering nitrogen level from 2.94 mM N to 1.47 mM N 
resulted in significantly lower final biomass concentration and lower biomass productivity. 
Aeration and CO2 addition are critical, enhancing the growth of the Louisiana co-culture and 
helps preventing photoinhibition at higher irradiance levels as evidenced by similar specific 
growth rates at initial scalar irradiance 400-1200 µmol m
-2
 s
-1
. Irradiance level variations have 
significant effect towards specific growth rate for both cultures without aeration and with 
continuous CO2-enriched aeration, although for the aerated cultures only the scalar irradiance 
180 µmol m
-2
 s
-1
 is significantly different (lower) than the other scalar irradiance levels tested. 
The relationship between irradiance and specific growth rate for non-aerated cultures was best 
presented with Steele’s kinetics, meanwhile for aerated cultures was best presented with Grima’s 
hyperbole kinetics. Based on the Grima’s hyperbole kinetics, for the Louisiana co-culture with 
continuous CO2-enriched aeration at 2.94 mM N the maximum specific growth rate was 0.91 d
-1
. 
The chlorophyll-a concentration, biomass yield on light energy, and photosynthetic efficiency 
had a direct correlation with the nitrogen level, and inverse correlation with the scalar irradiance 
level. 
This experiment provides baseline data for the Louisiana co-culture growth 
characteristics. Based on the experimental results, the optimum growth conditions for the 
Louisiana co-culture are under the initial scalar irradiance of 400 µmol m
-2
 s
-1
, 2.94 mM N, and 
continuous aeration with 2% CO2 v/v. Although at higher irradiance the biomass concentration 
and productivity are slightly higher, the energy input is also higher and is not compensated with 
significantly higher production. The photosynthetic efficiency was higher at scalar irradiance 180 
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µmol m
-2
 s
-1
, but the biomass concentration and productivity were significantly lower compared 
at scalar irradiance 400 µmol m
-2
 s
-1
 thus does not justify cultivating Louisiana co-culture at 
lower irradiance. 
It should be mentioned that these results were from batch cultures, where with continuous 
system the biomass productivity will also depend on dilution rate. When considering designing 
continuous biomass production systems, the retention time will be a factor as well and can be 
adjusted to match specific growth rate, thus the Louisiana co-culture is harvested right when it 
enters stationary phase. Further analysis on lipid content, lipid productivity, and fatty acid profile 
should be executed in order to give a complete review of the feasibility Louisiana co-culture for 
biomass-based biofuel production. 
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3. MIXOTROPHIC GROWTH AND LIPID PRODUCTION OF A LOUISIANA 
NATIVE CHLORELLA VULGARIS/LEPTOLYNGBYA SP. CO-CULTURE 
3.1. Introduction 
In the era of the uncertainty of fossil fuel sustainability which is apparent from the spike 
of crude oil prices as high as $ 0.91 L
-1
 in 2008 and now in 2012 fluctuates around $ 0.54 L
-1
 for 
Cushing crude oil (http://www.eia.gov), the interest in biofuels has increased. The United States, 
which started its biofuel development program in the 1970s, has set a target of blending 136 
billion liters of renewable fuel into transportation fuel by 2022 as mandated in the Renewable 
Fuel Standard 2 (RFS2). Only 61 billion liters is projected to be supplied from cellulosic biofuels 
(EPA 2012), thus leaving the opportunity for other renewable sources that can fulfill the 
remaining 75 billion liters needed. One of the source that can potentially meet the biofuel 
demand in an economically effective and environmental sustainable manner are microalgae and 
cyanobacteria (Li, Horsman, Wu, et al. 2008; Parmar et al. 2011). The advantages microalgae 
and cyanobacteria have compared to other biofuel feedstock (Chisti 2007; Sims et al. 2008; 
Pienkos and Darzins 2009; Brennan and Owende 2010; Gouveia 2011; Parmar et al. 2011; 
Phukan et al. 2011) include: 1) higher per-acre productivity compared to terrestrial crop, 2) non-
food resource based, 3) can be grown on non-productive land and utilize various water sources, 
and 4) offers both biofuel and valuable co-products such as aquaculture feed, food additive, 
nutritional supplements, or pharmaceutical applications. 
Although sounds promising, the microalgae/cyanobacteria based biofuel production has 
not yet been industrially realized. The cultivation process is one of the main technical/economic 
obstacles that requires additional research and development before the production of biofuel 
from microalgae/cyanobacteria can be feasible (Brennan and Owende 2010; Larkum et al. 2012). 
One of the difficulties in large microalgal/cyanobacterial cultivation system is maintaining 
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mono-cultures of the desired species (Perez-Garcia et al. 2011). Thus, several researchers 
explored symbiotic relationships particularly between microalgae and bacteria, and even reported 
increase in growth such as Chlorella vulgaris with Azospirillum brasilense, Chlorella 
sorokiniana with symbiotic bacteria, and Chlorella saccharophila with Phyllobacterium 
(Gonzales and Bashan 2000; Imase et al. 2008; Park et al. 2008; Ueda et al. 2009; de-Bashan et 
al. 2011). The co-cultivation of microalgae and cyanobacteria was also explored. Graham and 
Wilcox (2000) reported symbiotic growth of microalgae-cyanobacteria where the cyanobacteria 
possibly providing growth factors such as Fe, CO2, NH4
+
, NO3 or PO4
3-
 and lowering oxygen 
concentrations for nitrogen fixation. The cyanobacteria produce a polysaccharide-lipid complex 
and the microalgae produce sheath, forming a biofilm and enhances the microalgal-
cyanobacterial interaction (Imase et al. 2008; de-Bashan et al. 2011). Other studies reported an 
increase of nutrient rate removal from wastewater when using co-cultures compared to 
monoculture alone (Cheirsilp and Suwannarat 2011; Silva-Benavides and Torzillo 2011). The 
exact mechanism that explains the symbiotic relationship between microalgae and cyanobacteria 
may be unknown currently, but could potentially be the cultivation method of choice for a 
sustained biomass production for biofuel. 
Both microalgae and cyanobacteria are mostly photoautotrophic, absorbing light energy 
for the generation of ATP and NADPH in Photosystem I and II which are used to fix inorganic 
carbon in the Calvin-Benson cycle (Janssen 2002b; Rubio et al. 2003; Masojídek et al. 2007). 
The inorganic carbon fixed is carbon dioxide (CO2), which is available in the atmosphere at 
0.03-0.05% v/v and for microalgal/cyanobacterial cultures CO2-enriched air (2-5% v/v) is 
usually supplied to support higher growth (Richardson et al. 1969; Li, Horsman, Wang, et al. 
2008; Hsieh and Wu 2009). In dense microalgal/cyanobacterial cultures, light may not be able to 
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penetrate inside the cultures due to mutual shading by the cells (Liang et al. 2009; Perez-Garcia 
et al. 2011). To overcome the growth limitation in the absence of light, several microalgal and 
cyanobacterial species are capable of utilizing organic carbon for growth in complete darkness in 
a growth regime called heterotrophy. Several species that have been reported to be capable of 
utilizing organic carbon are such as Platymonas subcordiformis, Nannochloropsis sp., 
Phaeodactylum tricornutum, Spirulina platensis, Chlorella protochecoides, and Chlorella 
vulgaris (Xie et al. 2001; Fang et al. 2004; Garcia et al. 2005; Andrade and Costa 2007; Liang et 
al. 2009; Heredia-Arroyo et al. 2010). Some microalgal and cyanobacterial species are even 
capable of fixing CO2 and assimilating organic carbon simultaneously in a regime called 
mixotrophy, where the growth rate is approximately the sum of the growth rate in the 
photoautotrophic and heterotrophic cultures (Garcia et al. 2005; Liu et al. 2009). 
Significant increases in microalgal/cyanobacterial growth rate and biomass productivity 
with organic carbon addition such as glucose, dextrose, glycerol and acetate has been observed 
and reported in literature (Chen and Johns 1991; Yang et al. 2003; Fang et al. 2004; Andrade and 
Costa 2007; Fujita et al. 2008; Liu et al. 2009; Heredia-Arroyo et al. 2010). In the heterotophic 
metabolism, the assimilation of organic carbon can be through different pathways. Glucose is 
utilized via aerobic glycolysis in the cell following the Embden-Meyerhof Pathway (EMP) and 
Pentose (5-carbon sugars) Phosphate Pathway (PPP), converted to acetyl-CoA and used to 
generate ATP and CO2 in the tricarboxylic acid (TCA) cycle (Perez-Garcia et al. 2011). Glycerol 
is utilized in the EMP pathway forming pyruvate that then enters the TCA cyle (Neilson and 
Lewin 1974). Meanwhile acetate is assimilated in a single-step catalyzed reaction to form acetyl-
CoA (Neilson and Lewin 1974; Perez-Garcia et al. 2011). 
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Besides significant increase in growth rate and biomass productivity, increase in lipid 
content and productivity was also observed in cultures with addition of organic carbon (Xu et al. 
2006; Perez-Garcia et al. 2011). This is important as the non-polar (neutral) lipids in the form of 
triacylglycerol are the microalgal/cyanobacterial component that can be converted into biodiesel 
(Fukuda et al. 2001; Meher et al. 2006; Chisti 2007). The increase of lipid content with the 
addition of organic carbon may be because organic carbon can be directly activated to fatty 
acetyl-CoA, which is the building block for fatty acid synthesis (Heifetz et al. 2000; Perez-
Garcia et al. 2011) and should be investigated for the particular microalgae/cyanobacteria tested. 
In this study, a Louisiana native microalgal/cyanobacterial co-culture was tested for its 
ability to utilize organic carbon. This co-culture was isolated from a local lake and proven to be 
resistant under extreme change of conditions such as pH, temperature (unpublished data). 
Although the reasons are still unclear, the growth of the co-culture was higher than the 
microalgal itself in monoculture. The objectives of this study were to: 1) determine the ability of 
the Louisiana native microalgal/cyanobacterial co-culture to be grown heterotrophically and 
mixotrophically, and to 2) determine the effect of organic carbon addition towards the biomass 
productivity, neutral lipid content and neutral lipid productivity of the Louisiana native 
microalgal/cyanobacterial co-culture. 
3.2. Materials and Methods 
The effect of organic carbon addition (dextrose and sodium acetate) at certain C:N ratios 
on the dry biomass, productivity, specific growth rate, chlorophyll-a content, lipid content and 
lipid productivity were investigated under dark (heterotrophic) and light (mixotrophic) growth 
conditions. This experiment provides baseline data for the Louisiana native 
microalgae/cyanobacteria investigated as a determinant of biotechnology application potential. 
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3.2.1. Microalgal Species 
The co-culture examined was a mixture of a microalgal species and a cyanobacterial 
species referred to as the “Louisiana co-culture” in this paper. This co-culture was isolated from 
a lake adjacent to Louisiana State University (College Lake, Baton Rouge, Louisiana). 
Identification of the microalgae and the cyanobacteria was provided by personnel of the 
University of Texas (UTEX) Culture Collection of Algae. The microalgae was identified as 
Chlorella vulgaris by sequence analysis of ITS2 rDNA region. The cyanobacteria was identified 
as potentially Leptolyngbya sp. by sequence analysis of 23S rDNA region (Fawley and Fawley 
2004). Composition of the co-culture is approximately 97% Chlorella vulgaris and 3% 
Leptolyngbya sp. by cell count based on flow cytometry. 
The stock cultures of Louisiana co-culture were maintained in Bold’s Basal medium 
(Bold 1949) mixed in sterilized deionized water and containing NaNO3 (2.94 mM), CaCl2·H2O 
(0.17 mM), MgSO4·7H2O (0.3 mM), K2HPO4 (0.43 mM), KH2PO4 (1.29 mM), NaCl (0.43 mM), 
P-IV metal solution (Na2EDTA·2H2O, FeCL3·6H2O, MnCl2·4H2O, ZnCl2, CoCl2.6H2O, 
Na2MoO4·2H2O), vitamin B12 solution, biotin vitamin solution, and thiamine vitamin solution. 
The stock cultures were maintained in two liter Erlenmeyer flasks with one liter volume of 
culture, placed under a 400 watt high pressure sodium (HPS) lamp that gave a surface incident 
irradiance of approximately 310 µmol m
-2
 s
-1
. Temperature was maintained at 25±2°C and 
continuous aeration was provided at 0.47 L min
-1
 (1 SCFH). Carbon dioxide was injected daily 
(0.47 L min
-1
 for one minute) to maintain the culture pH between 7 – 8. Approximately one third 
of the stock culture was replenished weekly with Bold’s Basal medium to maintain growth. 
62 
 
3.2.2. Experimental Design 
The experiment was executed in batch mode following a randomized block three-
factorial design (two light conditions x two carbon sources x two organic C:N ratios). The 
experiment was sequentially replicated three times. Two light conditions were tested: with 
continuous irradiance (light) and without irradiance (dark). Cultures under continuous irradiance 
were tested for its mixotrophic growth when organic carbon was added, while cultures in the 
dark without irradiance were tested for its heterotrophic growth. Continuous irradiance was 
provided from 400 watt high pressure sodium (HPS) lamps. Incident irradiance and scalar 
irradiance were measured using a Li-Cor LI-190 flat quantum sensor and a Li-Cor LI-193 
spherical quantum sensor, respectively. For incident irradiance measurement, the flat sensor was 
inserted from the hole at the bottom of the measurement flask and positioned right below the 
culture surface, so the top surface of the flat sensor was parallel to the culture surface. For scalar 
irradiance, the spherical sensor was completely submerged in the media inside the two liter 
Erlenmeyer flask. The scalar irradiance presented is the scalar irradiance in media only, where 
the Louisiana co-culture concentration = 0 g m
-3
. Scalar irradiance was measured since it gives a 
better estimate of energy input at t=0 for culture in a glass Erlenmeyer flask. The incident 
irradiance of 310 µmol m
-2
 s
-1
 equivalent to the scalar irradiance of 400 µmol m
-2
 s
-1
 was 
achieved by adjusting the HPS lamp distance with the culture. The initial scalar irradiance of 400 
µmol m
-2
 s
-1
 was selected as it was concluded as the optimum irradiance for the co-culture 
growth from the irradiance levels tested as reported in Chapter 2. For cultures in the dark, the 
flasks were wrapped completely with aluminum foil to prevent any light penetration. 
The two carbon sources tested in this experiment were laboratory grade dextrose (D-
glucose) and sodium acetate. These two organic carbon sources were chosen as multiple 
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literature sources (Chen and Johns 1996; Yang et al. 2003; Garcia et al. 2005; Liu et al. 2009) 
reported them to be the optimum organic carbon that enhances microalgal growth. The organic 
C:N mass ratios tested were 15:1 and 30:1. The nitrogen concentration was 41.16 g m
-3
 from the 
Bold’s Basal medium. The organic carbon was added directly into the Bold’s Basal medium and 
left overnight for a complete dissolution before starting the experiment. The concentration of 
dextrose added was 1,520 g m
-3
 and 3,040 g m
-3
 and the concentration of the sodium acetate 
added was 2,120 g m
-3
 and 4,240 g m
-3
, both giving the final organic C:N mass ratio of 15:1 and 
30:1, respectively. 
For comparison, the co-culture was grown in Bold’s Basal medium only without organic 
carbon addition as a control under two light conditions: light and dark. The initial concentration 
of Louisiana co-culture was 100 g m
-3
 in each treatment flask. To obtain this concentration, the 
biomass concentration of the stock culture (inoculum) was first determined, and then stock 
culture was added accordingly to the media ensuring initial concentration of 100 g m
-3
 with the 
final volume of 600 mL. The inoculum has been acclimated to the initial scalar irradiance tested 
of 400 µmol m
-2
 s
-1
. One liter glass Erlenmeyer flasks were used for the cultures, capped with 
foam plugs functioning as a breathable stopper. All cultures had continuous aeration at 0.24 L 
min
-1
 (0.5 SCFH). Aeration was provided from an air pump connected via silicone tubing with a 
5 mL sterile plastic serological pipette at the end which was submerged inside the culture. No 
additional CO2 was added besides the CO2 that is naturally available in the atmosphere. The 
temperature was maintained at 25±1°C by placing all of the treatment flasks in a circulating 
water bath. Water loss by evaporation due to aeration was compensated by adding sterilized 
deionized water daily, returning the water level to the previous day’s level. 
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3.2.3. Biomass Productivity, Net Specific Growth Rate, and Chlorophyll-a Concentration 
The growth rate of the Louisiana co-culture was calculated from the dry biomass 
concentrations from each treatment flask measured every other day. Five milliliters of the culture 
from each treatment flask were extracted using sterile plastic serological pipettes for the 
measurement according to LSU Civil and Environmental Engineering Water Quality Lab SOP 
PA 200, which was adapted from Standard Method 2540D (APHA 2001a) with modification of 
the drying temperature (65°C) and duration (three hours) to avoid evaporation of volatile 
compounds. The GF/C filter paper with 1.2 µm pore size was used instead of the GF/F filter 
paper which has 0.7 µm pore size. A preliminary experiment was conducted to make sure no 
Leptolyngbya sp. cells were lost during filtration since they usually have cell size of less than 1 
µm in diameter. The decant water from filtration was analyzed for its cell count using Accuri
TM
 
C6 flow cytometer. No Chlorella vulgaris or Leptolyngbya sp. cells were detected in the decant 
water; hence no cells were lost by filtering Louisiana co-culture using the GF/C filter paper. The 
experiment was ended when the culture reached stationary phase which was determined when no 
increase in biomass concentration was observed. The dry biomass concentrations data were then 
used to calculate daily volumetric productivity (Pdw, g m
-3
 d
-1
) and the net specific growth rate 
(U, d
-1
). The decay rate was assumed negligible in this experiment as the cultivation time was 
relatively short. The daily volumetric productivity and specific growth rate presented is the mean 
value of the replicates. 
Duplicate measurements of chlorophyll-a concentration (mg m
-3
) for ten milliliters of the 
initial and five milliliters of the final culture were made according to Standard Method 10200H 
(APHA 2001b) using a Turner TD4000 fluorometer. The chlorophyll-a concentration was 
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measured as a representative of the co-culture’s pigment production with respect to the impact of 
organic carbon addition under different light conditions. 
3.2.4. Chemical Oxygen Demand (COD) 
Chemical oxygen demand (COD, g m
-3
) was measured as a surrogate to the organic 
carbon in the sample. Measurements of COD were performed instead of total organic carbon 
since the process is relatively quicker than total organic carbon measurements. The amount of 
oxygen required to oxidize an organic compound can be calculated from the following reaction 
(Tchobanoglous et al. 2003): 
3222
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24
cNHOH
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
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
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

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


  (3.1) 
For dextrose (C6H12O6), equation 3.1 becomes: 
OHCOOOHC 2226126 666   (3.2) 
And for sodium acetate (NaCH3COO): 
OHCOOCOOCH 2223 5.1275.1 
  (3.3) 
Equations (3.2) and (3.3) can be used to estimate the initial COD of the culture media expected 
to be from the amount of organic carbon that was added, in this case dextrose and sodium 
acetate. 
The COD measurements were taken every other day according to Standard Method 5220 
(APHA 2001b), conducted using a HACH DR3800 reactor and HACH COD digestion vials. 
Five milliliters was collected from each Erlenmeyer flask using a 5 mL sterile plastic serological 
pipette, and filtered using 0.45 μm pore size nylon membrane filter to separate the co-culture 
biomass from the decant (clear media). Two milliliters of the decant was injected into the COD 
digestion vials, then put into the HACH DR3800 reactor which was preheated to 150°C for a two 
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hour digestion process. After cooled down, the vials were inserted into HACH DR/4000 UV/Vis 
spectrophotometer which was set for COD measurement, and the COD concentration values (g 
m
-3
) were recorded. 
3.2.5. Neutral Lipid Content and Productivity 
The neutral lipid of the co-culture was extracted using Folch’s method (Folch et al. 1957) 
with modification. This method was used as it is the common method for lipid extraction with 
low energy cost. About 100 mL of final culture sample collected were centrifuged at 3000 rpm 
for 10 minutes. The top layer of liquid was then poured out, leaving only the concentrated 
microalgal sample. Methanol solvent (polar) was first added with the ratio of 6 mL methanol per 
1 mL sample. The mixture was then agitated with a shaker at room temperature for 20 minutes. 
After agitation, chloroform solvent (non-polar) was added with the ratio of 12 mL chloroform 
per 1 mL sample which brought the final solvent ratio of chloroform:methanol 2:1 (v/v). Final 
mixture was agitated for an additional 20 minutes. After agitation, 1 mL water per 5 mL of 
mixture was added. Then the mixture was centrifuged at 3000 rpm for 5 minutes. A two phase 
system occurred, with top layer consisting of methanol + polar lipids (gangliosides or organic 
polar molecules) and the bottom layer consisting of chloroform + neutral lipids separated by an 
interphase. The top layer was removed, and the interphase was rinsed one time with 
methanol:water 1:1 (v/v). The bottom layer which contains neutral lipid of interest with a small 
amount loss due to rinsing (Folch et al. 1957) was collected and the solvent was evaporated with 
assistance of rotary evaporator. The weight of the neutral lipid extracted was then recorded. 
From the dry biomass concentration and productivity data, the neutral lipid content and 
productivity were determined. 
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3.2.6. Statistical Analyses 
Three-way ANOVA (analysis of variance) on the dry biomass concentration, 
productivity, specific growth rate, chlorophyll-a content, neutral lipid content and neutral lipid 
concentration was performed using SAS (version 9.3) to detect any significant difference within 
treatment and between treatment combinations (two light conditions x two carbon sources x two 
organic C:N ratios). The least significant difference (LSD) method was chosen for post-ANOVA 
treatment comparison and grouping. For comparison with control, t-test was performed to detect 
any significant difference of treatment combination and control. All statistics were based on a 
95% confidence level and p<0.05 was considered statistically significant. 
3.3. Results and Discussion 
3.3.1. Biomass Productivity, Net Specific Growth Rate, and Chlorophyll-a Concentration 
With the addition of organic carbon, the Louisiana co-culture demonstrated the capability 
of growth under dark (heterotrophic) and light (mixotrophic) regimes. Compare this to the 
control without organic carbon, which did have growth with light (phototrophic) but none under 
dark condition. For cultures with sodium acetate addition, growth was observed at both organic 
C:N ratio of 15:1 and 30:1. However with dextrose addition, although growth was observed at 
organic C:N ratio of 15:1, little to no growth was observed with dextrose addition at organic C:N 
ratio of 30:1 for both under dark and light conditions. 
The comparison of the final biomass concentrations between treatment levels is presented 
in Table 3.1. According to ANOVA analysis, the light condition, organic carbon type, and 
organic C:N ratio all had significant effect on the final biomass concentration (p= 0.002, 0.0470, 
and 0.0018, respectively). Cultures exposed to light/irradiance had higher final biomass 
concentrations compared to cultures in the dark. The organic carbon type and the organic C:N 
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ratio also affected the final biomass concentration, as obvious from the growth inhibition for the 
cultures with dextrose at organic C:N 30:1. The initial biomass concentration was 100 g m
-3
 for 
all cultures. The highest final biomass concentration of 2,113 g m
-3
 was achieved with sodium 
acetate at organic C:N 15:1 under light (mixotrophic growth regime), but was not significantly 
higher than sodium acetate at organic C:N 30:1 under light of 1,533 g m
-3
 due to the high 
variance of the replicate results. 
The final biomass concentration results between treatment levels were compared to the 
control using t-test, and are presented in Table 3.2. The culture with sodium acetate at organic 
C:N 15:1 under light which had the highest final biomass concentration was not significantly 
different with the control under light. No significant difference was also observed between the 
control and cultures with sodium acetate 30:1 and dextrose 15:1 under light. Meanwhile for 
cultures in the dark, the addition of sodium acetate (15:1 and 30:1) and dextrose (15:1) did result 
in a higher final biomass concentration compared to the control in the dark, demonstrating the 
capability of the Louisiana co-culture for heterotrophic growth. 
Table 3.1. Final biomass concentration* (g m
-3
) of the Louisiana co-culture at different light 
condition, organic carbon, and organic C:N ratio levels. 
Light Condition Organic Carbon 
Organic C:N  
Ratio 
Final Biomass 
Concentration* (g m
-3
) 
Light 
Light 
Light 
Light 
Dark 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
15:1 
30:1 
15:1 
30:1 
15:1 
30:1 
15:1 
30:1 
2,113 
1,533 
1,293 
153 
433 
440 
433 
133 
± 
± 
± 
± 
± 
± 
± 
± 
938
a
 
  92
ab
 
  42
b
 
  31
d 
  58
c
 
  40
c 
  61
c 
  23
d
 
*Mean ± standard error. Different letters represent significant difference (p <0.05). 
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Besides final biomass concentration, investigating the net specific growth rate and 
biomass productivity of the co-culture is also important when considering scale up for 
continuous biomass production (Koller et al. 2012). The comparison of the net specific growth 
rate and biomass productivity values between treatments is presented in Table 3.3. ANOVA 
results showed that both light condition and organic carbon type did not have significant effect 
on the net specific growth rate, with p= 0.0610 and 0.2246, respectively. The organic C:N ratio 
however did have significant effect on the net specific growth rate (p<0.0001). For the biomass 
productivity, the light condition did not have significant effect (p= 0.0894) while both the 
organic carbon type and organic C:N ratio had significant effect (p= 0.0109 and 0.0090, 
respectively). 
 Mixotrophic cultures had higher biomass productivity than the heterotrophic cultures, 
consistent to what has been reported for microalgae cultures with organic carbon addition (Fang 
et al. 2004; Garcia et al. 2005; Liang et al. 2009). Culture with dextrose 15:1 grown 
mixotrophically had the highest net specific growth rate of 0.97 d
-1
. Meanwhile the highest 
Table 3.2. The t-test statistical analysis result between the control and treatment combinations for 
the final biomass concentration. 
Light 
Condition 
Organic Carbon 
Organic C:N  
Ratio 
P-value for 
Final 
Biomass 
Comparison with control 
*Final biomass concentration for control, light = 1,580 ± 530 g m
-3
 
Light 
Light 
Light 
Light 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
15:1 
30:1 
15:1 
30:1 
0.4397 
0.8897 
0.4034 
0.0096 
No significant difference 
No significant difference 
No significant difference 
Lower than control, light 
*Final biomass concentration for control, dark = 140 ± 20 g m
-3
 
Dark 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
15:1 
30:1 
15:1 
30:1 
0.0011 
0.0003 
0.0014 
0.7247 
Higher than control, dark 
Higher than control, dark 
Higher than control, dark 
No significant difference 
*Significant difference is detected when P-value is <0.05. 
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biomass productivity was achieved with mixotrophic culture grown with acetate 15:1 and 30:1, 
an average of 135 g m
-3
 d
-1
. With sodium acetate, no increase in net specific growth rate and 
biomass productivity was observed when the organic C:N ratio was increased from 15:1 to 30:1. 
Inhibited growth may have been experienced by the Louisiana co-culture if the sodium acetate 
was increased to a higher concentration. With dextrose, growth was already inhibited when the 
organic C:N ratio was increased from 15:1 to 30:1. The inhibition of microalgal growth have 
been reported by several authors reported inhibition when organic carbon was supplied in high 
concentration (Chen and Johns 1996; Heifetz et al. 2000; Liang et al. 2009). With higher 
concentrations of organic carbon, the ATP demand for organic carbon assimilation may 
inadvertently limit the photosynthetic carbon reduction resulting in growth inhibition (Heifetz et 
al. 2000). Meanwhile Chen (1996) suggested that the high sodium concentrations caused the 
inhibition when using sodium acetate. 
Table 3.4 presents comparison between the control and treatment combinations for the 
net specific growth rate and biomass productivity. For mixotrophic cultures with sodium acetate 
15:1, 30:1 and dextrose 15:1, the specific growth rate was higher than the control under light, 
where dextrose 15:1 the highest, 2.7 times higher than control under light. This demonstrates the 
Table 3.3. Net specific growth rate* (U, d
-1
) and biomass productivity* (Pdw, g m
-3
 d
-1
) of the 
Louisiana co-culture at different light condition, organic carbon, and organic C:N ratio levels. 
Light 
Condition 
Organic Carbon 
Organic 
C:N Ratio 
Net Specific Growth  
Rate (U, d
-1
) 
Biomass Productivity  
(g m
-3
 d
-1
) 
Light 
Light 
Light 
Light 
Dark 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
15:1 
30:1 
15:1 
30:1 
15:1 
30:1 
15:1 
30:1 
0.67 
0.56 
0.97 
0.03 
0.54 
0.34 
0.66 
0.02 
± 
± 
± 
± 
± 
± 
± 
± 
0.10
b 
0.08
b
 
0.06
a
 
0.01
d
 
0.11
b
 
0.15
c 
0.05
b 
0.01
d
 
134 
136 
113 
4 
66 
66 
93 
3 
± 
± 
± 
± 
± 
± 
± 
± 
19
a 
11
a 
15
ab 
  2
d 
  1
c 
51
c 
15
bc 
  2
d 
*Mean ± standard deviation. Different letters represent significant difference (P <0.05). 
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enhancement of net specific growth rate of Louisiana co-culture when organic carbon was 
introduced. However, their biomass productivity was not statistically different with the control 
under light. For heterotrophic cultures, both sodium acetate and dextrose 15:1 had significantly 
higher net specific growth rate and biomass productivity compared to control in the dark. 
Meanwhile the net specific growth rate and biomass productivity for heterotrophic growth with 
sodium acetate 30:1 were not significantly different with the control in the dark. 
 The comparison of these results of total dry biomass and net specific growth rate with 
other reported values are represented in Table 3.5. Results in literature vary widely, but all of 
them reported significant increase of total dry biomass and growth rate with the addition of 
organic carbon. From the literatures reviewed, glucose is the most common source of organic 
carbon used. However the result from this experiment shows a higher total dry biomass with 
acetate as the organic carbon compared to dextrose (D-glucose). Compared to the results of this 
experiment, there are other results that give higher total dry biomass such as Xie et al. (2001) 
that presents total dry biomass of 3,680 g m
-3
 and Heredia-Arroyo et al. (2010) that presents total  
dry biomass of 4,000 g m
-3
. But in those experiments significantly more glucose was added, 24 g 
Table 3.4. The t-test statistical analysis result between the control and treatment combinations 
for the net specific growth rate and biomass productivity. 
Light 
Condition 
Organic Carbon 
Organic 
C:N Ratio 
P-value 
for U  
P-value 
for Pdw  
Comparison with control 
*For control, light: U= 0.23 ± 0.02 d
-1
, Pdw= 91 ± 30 g m
-3
 d
-1
 
Light 
Light 
Light 
Light 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
15:1 
30:1 
15:1 
30:1 
0.0015 
0.0024 
<0.0001 
0.0001 
0.1044 
0.9239 
0.0728 
0.0080 
µ higher than control 
µ higher than control 
µ higher than control 
µ, Pdw lower than control 
*For control, dark: U= 0.14 ± 0.07 d
-1
, Pdw= 19 ± 6 g m
-3
 d
-1
 
Dark 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Dextrose 
15:1 
30:1 
15:1 
30:1 
0.0073 
0.1102 
0.0006 
0.0639 
0.0002 
0.1869 
0.0006 
0.0106 
µ, Pdw higher than control 
no significant difference 
µ, Pdw higher than control 
Pdw lower than control 
*Significant difference is detected when P-value is <0.05. 
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L
-1
 and 40 g L
-1
 respectively, compared to the addition of only 1.5 g L
-1
 of dextrose in this 
experiment. The co-culture of Chlorella vulgaris with Leptolyngbya sp. grown with the 2.1 g L
-1
 
acetate addition had higher total dry biomass (2,110 g m
-3
)
 
compared to the result by Liang et al. 
(2009) with Chlorella vulgaris species which reported a total dry biomass of 987 g m
-3
 with an 1 
g L
-1
 acetate addition, and higher biomass productivity, 134 g m
-3
 d
-1
 compared to 87 g m
-3
 d
-1
. 
The net specific growth rates from this experiment are also comparable, where a dextrose 
addition of 1.5 g L
-1
 resulted in net specific growth rate of 0.97d
-1
, which is similar compared to 
results from Garcia et al. (2005) and Heredia-Arroyo et al. (2010) which both reported net 
Table 3.5. Comparison of other microalgae growth experiments with organic carbon addition. 
Species Condition 
Organic 
Carbon 
Cultivation 
Days 
Net Specific 
Growth rate 
(U, d
-1
) 
Reference 
Platymonas 
subcordiformis 
Mixotrophic, 95 
µmol m-2 s-1 in 5-L 
bioreactor 
Glucose, 24 
g L
-1
 
14 0.55 (Xie et al. 
2001) 
Nannochlorop-
sis sp. 
Mixotrophic, 73 
µmol m-2 s-1 in 250-
mL Erlenmeyer flask 
Glucose, 5.4 
g L
-1
 
8 0.30 (Fang et al. 
2004) 
Phaeodactylum 
tricornutum 
Mixotrophic, 165 
µmol m-2 s-1 in 1-L 
Erlenmeyer flask 
Glucose, 5 g 
L
-1
 
21 0.96 (Garcia et al. 
2005) 
Spirulina 
platensis 
Mixotrophic, 45.5 
µmol m-2 s-1 in 2-L 
Erlenmeyer flask 
Molasses, 
0.75 g L
-1
 
25 0.064 (Andrade 
and Costa 
2007) 
Chlorella 
vulgaris 
Mixotrophic, 
fluorescent light in 1-
L bottle 
Acetate, 1% 
w/v 
Glucose, 1% 
w/v 
12 
 
12 
0.37 
 
0.25 
(Liang et al. 
2009) 
Chlorella 
protothecoides 
Mixotrophic, 
fluorescent light in 
250-mL flask 
Glucose, 15 
g L
-1
 
6 0.96 (Heredia-
Arroyo et al. 
2010) 
Louisiana  
Co-culture 
Mixotrophic, 400 
µmol m-2 s-1 
Acetate, 2.1 
g L
-1
 
Dextrose, 
1.5 g L
-1
 
20 
 
12 
0.67 
 
0.97 
this 
experiment 
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specific growth rate of 0.96 d
-1
. The Louisiana co-culture displayed the ability to utilize dextrose 
and acetate for mixotrophic growth with comparable results with others reported. 
The chlorophyll-a concentration was measured as it represents the physiological state of 
the co-culture and is a surrogate for the impact of organic carbon on the pigment production. The 
chlorophyll-a concentration and content of each treatment combination are presented in Table 
3.6, and their comparisons with the control under light are presented in Table 3.7. No analysis 
were done for the control under dark and with dextrose 30:1 as little to no growth was observed 
under those conditions. There was no significant difference for the chlorophyll-a concentration 
and content of mixotrophic culture with acetate 15:1 compared to the control under light, while 
mixotrophic culture with acetate 30:1 and dextrose 15:1 had lower values compared to the 
control under light. What is interesting is that under heterotrophic conditions, there was actually 
a significant increase in chlorophyll-a content with sodium acetate 15:1, 30:1 and dextrose 15:1 
addition compared to control under light (phototrophic). This is somewhat surprising as naturally 
chlorophyll-a pigments are produced to capture light energy under autotrophic growth 
conditions, but apparently were also produced in large quantities under heterotrophic dark 
conditions. 
Table 3.6. Chlorophyll-a concentration* (mg m
-3
) and content* (mg (g biomass
-1
)) of the Louisiana 
co-culture at different light condition, organic carbon, and organic C:N ratio levels. 
Light 
Condition 
Organic Carbon 
Organic 
C:N Ratio 
Chlorophyll-a 
Concentration (mg m
-3
) 
Chlorophyll-a Content  
(mg (g biomass
-1
)) 
Light 
Light 
Light 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Sodium Acetate 
Sodium Acetate 
Dextrose 
15:1 
30:1 
15:1 
15:1 
30:1 
15:1 
2,179 
854 
186 
4,593 
3,533 
7,035 
± 
± 
± 
± 
± 
± 
1,724
cd 
   854
de 
     30
e 
2,163
b 
   498
bc 
   970
a 
1.0 
0.5 
0.1 
11.8 
8.1 
16.3 
± 
± 
± 
± 
± 
± 
0.9
d 
0.5
d 
0.0
d 
2.2
b 
1.6
c 
2.2
a 
*Mean ± standard error. Different letters represent significant difference (P <0.05). 
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Grant and Hommersand (1974) presented Chlorella protothecoides with “bleached” 
yellow color cells when the microalgal culture was transferred from an autotrophic to a 
heterotrophic condition, and proposed that the chlorophylls are catabolically degraded in concert 
with simultaneous excretion of phycoerythrin. Thus it is interesting that in this experiment the 
opposite happens, where heterotrophic cultures have significantly higher chlorophyll-a content 
than mixotrophic cultures, which possibly is related to the co-culture behavior. The Chlorella 
vulgaris/Leptolyngbya sp.co-culture may still attempt to perform photosynthesis despite 
complete darkness, as the cyanobacteria can survive and grow in lower light conditions (Mur et 
al. 1999; Mullineaux and Emyln-Jones 2004). Under heterotrophic conditions some other 
microalgae species also surprisingly produced in large quantities various pigments such as lutein 
(Shi et al. 2000), astaxanthin (Ip and Chen 2005), and phycocyanin (Schmidt et al. 2005; Sloth et 
al. 2006). An interesting future research topic is to investigate the comparison of pigment 
composition between the co-culture under heterotrophic and phototrophic condition, as they may 
be different. 
3.3.2. Chemical Oxygen Demand (COD) 
Based on Equations (3.2) and (3.3), the initial COD value can be estimated from the 
amount of initial organic carbon added. The comparison between estimated initial COD value 
Table 3.7. The t-test statistical analysis result between the control and treatment combinations 
for the chlorophyll-a concentration and content. 
Light 
Condition 
Organic Carbon 
Organic 
C:N Ratio 
P-value 
for Chl-a 
conc. 
P-value 
for Chl-a 
cont. 
Comparison with control 
*For control, light: Chl-a conc.= 2,923 ± 877mg m
-3
,Chl-a cont.= 1.9 ± 0.4 mg(g biomass
-1
) 
Light 
Light 
Light 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Sodium Acetate 
Sodium Acetate 
Dextrose 
15:1 
30:1 
15:1 
15:1 
30:1 
15:1 
0.5419 
0.0429 
0.0057 
0.2828 
0.3544 
0.0055 
0.1986 
0.0233 
0.0022 
0.0015 
0.0028 
0.0003 
No significant difference 
Both lower than control 
Both lower than control 
Cont. higher than control 
Cont. higher than control 
Both higher than control 
*Significant difference is detected when P-value is <0.05. 
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compared to the average measured initial COD value is presented in Table 3.8. The actual 
measurements of initial COD had similar values compared to the estimated initial COD from the 
amount of organic carbon added, showing that COD measurements is a good estimate of the 
organic carbon in the microalgal culture. Thus, COD measurements were taken every other day 
to monitor the consumption of organic carbon in the co-culture. A graph plotting the COD 
consumption versus time is presented in Figure 3.1. 
 
For the culture with dextrose addition C:N 15:1, the COD was exhausted early in the 
culture (Day 2-4) for both heterotrophic and mixotrophic culture meaning that dextrose was 
consumed rapidly at the early stages of the Louisiana co-culture growth. With dextrose addition, 
the COD consumption rate for mixotrophic was 697 g m
-3
 d
-1
 (the first 2 days) and for 
heterotrophic was 311 g m
-3
 d
-1
 (the first 4 days). The higher COD consumption rate in the early 
days might have correlations with the high specific growth rate that was achieved by mixotrophic 
culture with dextrose addition. This result seems to be the opposite of reported in literature, 
where dextrose metabolic flux was higher in dark conditions compared to under light (Perez-
Garcia et al. 2011). However, it was also reported that the metabolism was not affected by the 
presence or absence of light for cyanobacteria (Yang et al. 2002), which exists in the Louisiana 
co-culture (Leptolyngbya sp.). 
Table 3.8. Comparison between the initial COD values calculated from equation 2 and 3 and 
from the actual measurement by the digestion method. 
Organic carbon added 
Calc. Organic 
carbon (g m
-3
) 
Initial COD (g m
-3
) 
Estimated Actual* 
1,520 g m
-3
 Dextrose (C:N 15:1) 
3,040 g m
-3
 Dextrose (C:N 30:1) 
2,120 g m
-3
 Sodium Acetate (C:N 15:1) 
4,240 g m
-3 
Sodium
 
Acetate (C:N 30:1) 
   617 
1,235 
   617 
1,235 
1,646 
3,292 
1,441 
2,882 
1,458 ±   25 
2,971 ±   55 
1,380 ±   96 
2,793 ± 166 
*Mean ± standard deviation.    
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The COD of heterotrophic culture with sodium acetate (for both C:N 15:1 and 30:1) was 
also exhausted in the early stage of the culture. The COD consumption rate for heterotroph 
culture with sodium acetate C:N 15:1 was 323 g m
-3
 d
-1
 (the first 4 days) and for C:N 30:1 COD 
consumption rate was 438 g m
-3
 d
-1
 (the first 4 days). Meanwhile for the mixotrophic culture 
with sodium acetate addition, both C:N 15:1 and 30:1 had lower but steadier COD consumption 
throughout the cultivation duration. Mixotrophic culture with sodium acetate C:N 15:1 had a 
COD consumption rate of 67 g m
-3
 d
-1
 (for 14 days), and cultures with sodium acetate C:N 30:1 
had a COD consumption rate of 108 g m
-3
 d
-1
 (for 20 days). This shows that when sodium acetate 
is added to the Louisiana co-culture it is consumed rather quickly in the dark, but not when 
 
Figure 3.1. Chemical Oxygen Demand (COD) plotted versus time. COD values decreases 
with time indicating that the organic carbon is being consumed in the co-culture. 
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cultured in the presence of light where inorganic carbon fixation might be preferred using the 
NADPH
 
and ATP produced in the light reaction of photosynthesis. 
In this experiment, organic carbon source was added only at the start of the experiment. 
From the COD graph (Figure 3.1) it is shown that COD was exhausted early, especially with the 
addition of dextrose. To avoid the early exhaustion of organic carbon thus preventing co-culture 
growth at later stage, a fed-batch culture can be applied, where organic carbon is continuously 
added at a certain rate, while the culture is not harvested until the very end of the experiment 
when culture enters the stationary phase. Fed-batch culture systems have been used for 
heterotrophically grown microalgae (Schmidt et al. 2005; Li et al. 2007; Ganuza et al. 2008) and 
had shown improvement of total dry biomass and growth rate. The objective of fed-batch culture 
systems is to maximize the growth and biomass of microalgae while avoiding the inhibition that 
can occur when organic carbon is present in high amount. For example, in this experiment when 
sodium acetate was added at ratio C:N 30:1 it had lower total dry biomass and growth rate 
compared to sodium acetate addition at ratio C:N 15:1., showing inhibition occurred when 
sodium acetate was added at higher amounts. With fed-batch culture, sodium acetate can be 
added at lower amounts during a period of time, thus preventing inhibition that could occur. 
Adding organic carbon at lower amounts could also prevent bacterial contamination due to the 
avoidance of high concentration of organic carbon if all of them are added once at the beginning 
of culture. In some microalgal cultures grown with a light/dark cycle, organic carbon are added 
only during daytime hours, as bacteria could grow faster compared to microalgae under dark 
heterotrophic conditions (Abeliovich and Weisman 1978; Lee and Lee 2001). 
Finding organic carbon sources that are available for little or no cost can reduce the 
overall cost of mixotrophic/heterotrophic cultivation. Municipal wastewater, which contains 
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organic carbonaceous matter, can be utilized for the growth of mixotrophic microalgae and has 
been reported in various research articles (Ogbonna et al. 2000; Kong et al. 2010; Wang et al. 
2010; Pittman et al. 2011). The COD amount of wastewater varies between sources of 
wastewater used. For comparison, the synthetic wastewater regulated by ASTM has COD value 
of 3500 g m
-3
, the primary effluent collected from Baton Rouge south wastewater treatment plant 
in November 2010 has a COD value of 1865 g m
-3
, and the primary effluent collected from Saint 
Paul (Minnesota) metropolitan wastewater treatment plant has COD value of 224 g m
-3
 (Wang et 
al. 2010). Further investigation for the growth of Louisiana co-culture in wastewater effluent 
containing organic carbon should be done. If the Louisiana co-culture is able to utilize organic 
carbon in the wastewater effluent it will be more interesting as it combines two processes 
together, the co-culture cultivation concurrently with wastewater treatment. A preliminary 
experiment was performed to investigate the ability of the Louisiana co-culture to grow in the 
primary and final effluent collected from Baton Rouge South wastewater treatment plant. The 
preliminary results showed that the Louisiana co-culture cultivated in the primary and final 
effluent was able to achieve growth and final biomass concentration similar to culture in Bold’s 
Basal medium. 
3.3.3. Neutral Lipid Content and Productivity 
If only based on the biomass productivity, addition of organic carbon with the Louisiana 
co-culture is not justified because mixotrophic growth did not yield significantly higher biomass 
productivity compared to phototrophic growth. The Louisiana co-culture’s neutral lipid content 
and productivity under mixotrophic and heterotrophic regimes was also investigated and 
presented in Table 3.9, and the comparison with control under light (phototrophic regime) is 
presented in Table 3.10. No analysis was done for the control in the dark and dextrose 30:1 as no 
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sufficient biomass was available to perform the extraction as the cultures died. The lipid content 
for culture with dextrose C:N 15:1 was not significantly different than the control under light for 
both mixotrophic and heterotrophic growth regime. Meanwhile with sodium acetate, the lipid 
content had significantly higher values compared to the control under light (8.67%), for both 
mixotrophic and heterotrophic growth regime, C:N 15:1 and 30:1. No significant difference was 
detected between the C:N ratios for acetate, with the lipid content at C:N 15:1 (18.90% average) 
higher than at C:N 30:1 (13.36% average). The neutral lipid productivity was significantly 
increased with sodium acetate 15:1 under mixotrophic condition, 24.1 g m
-3
 d
-1
 which was 3.1 
times higher than the control under light. However, no difference was detected for mixotrophic 
cultures with dextrose 15:1 compared to the control under light. 
Increase of neutral lipid content has been reported for several microalgae species with 
addition of organic carbon, such as Nannochloropsis sp. with glucose and ethanol (Fang et al. 
2004), Chlorella vulgaris with glycerol (Liang et al. 2009), or Chlorella protothecoides with 
acetate (Heredia-Arroyo et al. 2010). One of the theories for mixotrophic growth is that the 
energy requirements for cell growth are mostly met by the photosynthetic process by fixing 
inorganic carbon, leaving the excess organic carbon in the medium to be directed more toward 
intracellular lipid storage (Mitra et al. 2012). Based on this experiment, addition of sodium 
Table 3.9. Neutral lipid content* (%) and productivity* (g m
-3
 d
-1
) of the Louisiana co-culture at 
different light condition, organic carbon, and organic C:N ratio levels. 
Light 
Condition 
Organic Carbon 
Organic 
C:N Ratio 
Neutral Lipid 
Content 
Neutral Lipid Productivity  
(g m
-3
 d
-1
)  
Light 
Light 
Light 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Sodium Acetate 
Sodium Acetate 
Dextrose 
15:1 
30:1 
15:1 
15:1 
30:1 
15:1 
18.20 
13.13 
8.67 
19.60 
13.59 
8.77 
± 
± 
± 
± 
± 
± 
3.42
a 
3.21
b 
0.21
c 
2.29
a 
2.70
b 
0.12
c 
24.1 
18.0 
9.8 
12.9 
9.2 
8.2 
± 
± 
± 
± 
± 
± 
2.3
a 
5.1
b
 
1.1
c 
1.6
bc 
7.4
c 
1.3
c 
*Mean ± standard error. Different letters represent significant difference (P <0.05) 
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acetate resulted in higher neutral lipid content compared to the addition of dextrose. The 
metabolism of acetyl-CoA might be the key of the increase of fatty acid content which is the 
basic building block of fatty acid synthesis. Acetate can be directly activated to acetyl-CoA by a 
one-step reaction catalyzed by acetyl-CoA synthetase, while glucose/dextrose needs several steps 
to reach the same point (Heifetz et al. 2000; Perez-Garcia et al. 2011). The dextrose consumed 
by the co-culture may not be used for fatty acid synthesis, as Tanner (2000) reports that more 
than 85% of glucose assimilated by microalgae is converted to sucrose and polysaccharides 
(mainly starch). 
As the mixotrophic culture with sodium acetate addition enhanced the lipid content and 
productivity, it is the choice of organic carbon when the Louisiana co-culture is cultivated for the 
intention of biodiesel production. Although the cost of microalgae-based biodiesel production 
depends on various factors such as infrastructure, nutrients, harvesting, oil extraction, etc., one 
component of the cost (cultivation) could possibly be reduced by utilizing relatively inexpensive 
and available agro-industrial co-products containing acetate which contributes in enhancing the 
lipid production of the Louisiana native co-culture. 
Table 3.10. The t-test statistical analysis result between the control and treatment combinations 
for the neutral lipid content and productivity. 
Light 
Condition 
Organic Carbon 
Organic 
C:N Ratio 
P-value 
for Net. 
Lipid 
Cont. 
P-value 
for Net. 
Lipid 
Prod. 
Comparison with control 
*For control, light: Neutral lipid cont.= 8.67 ± 0.93 %, Neutral lipid prod.= 7.7 ± 2.2 g m
-3
 d
-1
 
Light 
Light 
Light 
Dark 
Dark 
Dark 
Sodium Acetate 
Sodium Acetate 
Dextrose 
Sodium Acetate 
Sodium Acetate 
Dextrose 
15:1 
30:1 
15:1 
15:1 
30:1 
15:1 
0.0096 
0.0818 
0.9998 
0.0016 
0.0402 
0.8622 
0.0009 
0.0336 
0.2329 
0.0322 
0.7657 
0.7950 
Both higher than control 
Prod. higher than control 
No significant difference 
Both higher than control 
Cont. higher than control 
No significant difference 
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3.4. Conclusions 
This study demonstrated the capability of the Louisiana native co-culture growth in either 
heterotrophic or mixotrophic regime with the addition of dextrose or sodium acetate. However, 
only mixotrophic growth with sodium acetate addition at C:N 15:1 had higher biomass 
productivity (134 g m
-3
 d
-1
) and lipid productivity (24.07 g m
-3
 d
-1
) compared to autotrophic 
growth of the control (1.47 and 3.10 times, respectively). The Louisiana co-culture lipid content 
was also significantly higher for mixotrophic growth with sodium acetate addition (18.20%) 
compared to autotrophic growth (8.67%). Thus based on this experiment, mixotrophic growth 
with sodium acetate (C:N 15:1) is the preferred cultivation conditions for the Louisiana co-
culture for microalgae-based biodiesel production. 
The COD available is consumed faster in heterotrophic cultures than in mixotrophic 
cultures. In mixotrophic cultures, the COD in the microalgal cultures with sodium acetate was 
consumed steadier throughout the cultivation duration compared to the microalgal cultures with 
dextrose that are exhausted at the earlier culture phase. A daily dosing of organic carbon (batch-
fed) is possibly better to do than adding all quantities of organic carbon at the beginning of the 
cultivation to minimize contamination and exhaustion of organic carbon source. It could also 
prevent inhibition of culture growth as experienced when sodium acetate was increased from 
C:N 15:1 to C:N 30:1. 
Further analysis on the ability of the Louisiana co-culture growth in the presence of 
inexpensive and readily available agro-industrial co-products as organic carbon source in larger 
scale and continuous production should be executed as an opportunity to reduce the cost of the 
Louisiana native co-culture cultivation for biodiesel production. 
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4. LOUISIANA NATIVE CHLORELLA VULGARIS/LEPTOLYNGBYA SP. CO-
CULTURE PRODUCTION IN A HYDRAULICALLY INTEGRATED SERIAL 
TURBIDOSTAT ALGAL REACTOR (HISTAR) 
4.1. Introduction 
Microalgae are considered a promising renewable feedstock for biofuel production 
(Chisti 2007; Pienkos and Darzins 2009; Phukan et al. 2011; Richardson et al. 2012), while also 
providing valuable co-products that are useful in biotechnology applications such as aquaculture 
feed, food coloring, cosmetics, pharmaceutical, carbon dioxide sequestration, and wastewater 
treatment (Brennan and Owende 2010; Demirbas 2010; Zeng et al. 2011). As the focus on 
microalgae as a biodiesel feedstock has increased in the recent years, research has focused on the 
growth requirements (e.g. nutrients, CO2, light), biomass harvesting methods, lipid extraction 
methods, and lipid conversion to biodiesel methods (Chisti 2007; Lardon et al. 2009; Mata et al. 
2010; Amaro et al. 2011; Takeshita 2011; Mallick et al. 2012). For biofuel production from 
microalgae to be feasible, results obtained in laboratory batch studies need to translate to large 
scale production. Large and continuous microalgal cultivation employs both open (such as open 
ponds, raceway ponds) and closed (photobioreactor) systems (Pulz 2001; Ugwu et al. 2008; 
Chen et al. 2011; Cuaresma et al. 2011; Richardson et al. 2012; Singh and Sharma 2012). 
Open microalgal cultivation systems are usually located outdoors and utilize natural 
sunlight irradiance for energy. The open systems can be categorized into natural waters (lakes, 
trenches, or ponds) and artificial ponds. One of the common artificial ponds is the raceway pond, 
made up of a closed loop of recirculation channel where the circulation and mixing is provided 
by the paddlewheel. Thus, the capital investment and daily operation cost are cheaper than closed 
photobioreactor systems, but the biomass productivity is usually poor due to poor mass transfer 
rates, contamination risk and lack of process control (Borowitzka 1999; Brennan and Owende 
2010; Singh and Sharma 2012). 
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Photobioreactors (PBRs), on the other hand, have higher productivity than open ponds as 
the photobioreactors are typically designed to have large surface area to maximize illumination 
received by the microalgal cells, thus increasing the photosynthetic efficiency by microalgae. 
Closed systems lower the microalgal culture contamination risk, permitting monoculture 
microalgal growth. Various designs of enclosed photobioreactor systems include flat plate, 
tubular, helical, column photobioreactor, and stirred tank reactor (Janssen et al. 2002; Ugwu et 
al. 2008; Brennan and Owende 2010; Singh and Sharma 2012). Photobioreactors have their own 
limitations such as the difficulty to scale-up, temperature control problems, degassing problems 
(O2 accumulation, CO2 depletion), and higher cost compared to open systems (Suh and Lee 
2003; Rodolfi et al. 2008; Ugwu et al. 2008; Pruvost 2011). Techno-economic analyses have 
been reported for both open systems and photobioreactors indicating that the costs of the 
microalgal-based biofuel production for both systems are still relatively high, thus significant 
improvements have to be made by sustaining high microalgal growth rates while adding value 
via the co-products from the microalgal biomass (Davis et al. 2011; Richardson et al. 2012). 
Table 4.1. Comparison between open and closed-controlled systems for microalgal cultivation, 
adapted from Davis (2011). 
System Open systems (Ponds) Closed systems (PBRs) 
Microalgal density 
Productivity 
Light utilization efficiency 
Species control 
Contamination risk 
Capital investment 
Operation cost 
Scale-up 
Estimate biodiesel selling  price 
Low 
Low 
Poor 
Poor 
High 
Low 
Low 
Easy 
$ 2.60 L
-1
 
High 
High 
High 
Can be maintained axenic 
Reduced 
High (3-5 times open ponds) 
High (2 times open ponds) 
Difficult 
$ 5.42 L
-1
 
Hybrid type photobioreactors, which combines the advantages of both open and closed 
systems while overcoming the disadvantages of each other, is another alternative for microalgal 
cultivation. The first stage can be an enclosed photobioreactor, where a controlled environment 
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provides continuous healthy, dense microalgal culture while contamination is minimized. The 
second stage is the open system, where minimum control is provided at minimum cost. 
Productivity is expected to be higher since dense microalgal culture is injected 
periodically/continuously into the open system, while also minimizing contamination risk as it 
will be difficult for the contaminant to take over denser microalgal culture. 
The hydraulic retention time in continuous microalgal production systems are usually set 
to achieve maximum biomass at the time of harvest. However, the common aspect that 
determines the success or failure of the system is the ability to minimize inadvertent perturbation 
such as culture contamination (Ugwu et al. 2008; Chen et al. 2011; Singh and Sharma 2012). A 
hybrid system called Hydraulically Integrated Serial Turbidostat Algal Reactor (HISTAR) was 
developed by researchers at Louisiana State University in 1993 (Rusch and Malone 1998; 
Theegala et al. 1999; Rusch and Christensen 2003; Benson et al. 2009). This HISTAR system 
was based on the concept of contaminant mitigation which is an important design criterion for 
continuous microalgal production systems. In the HISTAR system, the turbidostats provide 
dense, clean inoculum which resembles enclosed photobioreactors in the first stage. The 
continuous-flow stirred tank reactors (CFSTR) in series represent the second stage, which is an 
open system and serves as a biomass amplification unit. The flushing flow plus turbidostat flow 
creates a hydraulic gradient that moves the culture through the CFSTRs. Two dilution rates of 
importance: the system dilution rate (Ds) and the local dilution rate (Dn) of each CFSTR. The Ds 
is set to be low to allow sufficient growth of microalgal species cultivated with the HISTAR. 
Meanwhile the Dn is set to be higher than the net specific growth rate of contaminants, which 
assures contaminant washout within a CFSTR before the contaminant takes over the culture 
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(Rusch and Malone 1998). Thus, the combination of high Dn and low Ds provides a system that 
could maintain sustainable microalgal culture where contamination is minimized. 
The concept of mitigating the contaminants by adjusting the local dilution rate has been 
tested using mathematical model simulations and experimentation. Benson et al. (2007) 
presented data from HISTAR in respect of volumetric system productivity levels, optimal 
productivity of the system, hydraulic retention time, system dilution rate, contaminant wash out 
from the HISTAR, and irradiance. Theegala et al. (1998) reported a quick wash out of rotifers 
(contaminant), which was intentionally added to the HISTAR system with microalgal culture 
Chaetoceros muelleri. Rusch and Christensen (2003) reported a study of Isochrysis sp. 
cultivation in HISTAR, proving the function of CFSTRs as an amplification unit, where each 
successive CFSTR has a higher biomass concentration than the preceding one. The results 
indicate the potential of HISTAR as a feasible system of continuous, large scale microalgal 
cultivation. The light dynamics impact on the algal growth rate and productivity in HISTAR was 
also investigated (Benson and Rusch 2006; Benson et al. 2007, 2008; Gutierrez-Wing et al. 
2012). For microalgae species Selenastrum capricornutum, 95% of the maximum specific 
growth rate was observed between irradiance 270 to 530 µmol m
-2
 s
-1
 (Benson and Rusch 2006). 
Based on experiments and simulations, high pressure sodium (HPS) lamps were concluded to 
increase volumetric productivity ((g dry wt) m
-2
 d
-1
) and reducing the lighting cost compared to 
metal halide (MH) lamps for indoor systems (Benson et al. 2009). 
Most microalgal cultivation is based on single microalgal species as the inoculum (Illman 
et al. 2000; Li, Horsman, Wang, et al. 2008; Ota et al. 2009; Xin et al. 2010; Mallick et al. 2012). 
However, it is difficult to maintain the monoculture for longer periods in large scale open 
cultivations as they are susceptible of contamination by unwanted foreign species (Janssen et al. 
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2002; Rodolfi et al. 2008; Takeshita 2011). This is especially true for laboratory selected species 
that are not adaptable to the native conditions. Thus some authors suggested to use native 
species, which is expected to have higher adaptability to local outdoor environment, more likely 
to be resistant by contamination of invasive species, while minimizing the impact on local 
ecosystems (Sheehan et al. 1998; Rodolfi et al. 2008; Fishman et al. 2010). Symbiotic 
relationships that exists in natural ecosystems between microalgal species with other 
microorganisms, particularly bacteria or cyanobacteria has also been explored to be cultivated 
instead of using monocultures (Gonzales and Bashan 2000; Imase et al. 2008; Park et al. 2008; 
Ueda et al. 2009; de-Bashan et al. 2011). Several microalgae had been reported to have increased 
growth when co-cultivated with bacteria, such as Chlorella vulgaris with Azospirillum brasilense 
(de-Bashan et al. 2011), Chlorella sorokiniana with symbiotic bacteria CSSB-3 (Imase et al. 
2008), and Chlorella saccharophila with Phyllobacterium (Ueda et al. 2009). Besides with 
bacteria, another possible symbiotic relationship of microalgae is with cyanobacteria. Graham 
and Wilcox (2000) suggested that the cyanobacteria assisted microalgal growth by providing 
growth factors such as Fe, CO2, NH4
+
, NO3 or PO4
3-
 and lowering oxygen concentrations for 
nitrogen fixation. The polysaccharide-lipid complex produced by cyanobacteria and sheath 
produced by microalgae forms a biofilm that may enhance the interaction between the microalgal 
and cyanobacteria. This co-culture cultivation technique may potentially be the feasible method 
for a sustained biomass production for biofuel. 
In this study, a Louisiana native co-culture of microalgae/cyanobacteria was investigated 
for its growth in the HISTAR system. This co-culture was a local strain that was isolated from a 
local lake and proven to be the surviving species when extreme change of condition (e.g. pH and 
temperature) was applied to the water sample (unpublished data). Batch experiments have been 
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conducted that investigate the optimum irradiance, nitrogen, aeration, organic carbon levels for 
the growth and lipid accumulation of the Louisiana native co-culture (unpublished data). This 
experiment provides the first investigation of the Louisiana native co-culture behavioral data 
when up scaled to continuous open cultivations, in this case the HISTAR system. 
4.2. Materials and Methods 
The growth of the Louisiana native co-culture was investigated when cultivating the 
Louisiana co-culture using the experimental HISTAR system at LSU under various dilution rates 
with fixed, controlled turbidostat flow rate (Qtb), and culture recirculation in CFSTRs. 
4.2.1. Microalgal Species 
The co-culture used in this HISTAR experiment was a mixture of a microalgal species 
and a cyanobacteria species referred to as “Louisiana co-culture” in this paper. This co-culture 
was isolated from a lake adjacent to Louisiana State University (College Lake, Baton Rouge, 
Louisiana). Identification of the microalgae and the cyanobacteria was provided by personnel of 
the University of Texas (UTEX) Culture Collection of Algae. The microalgal species was 
identified as Chlorella vulgaris by sequence analysis of ITS2 rDNA region. The cyanobacteria 
species was identified as potentially Leptolyngbya sp. by sequence analysis of 23S rDNA region 
(Fawley and Fawley 2004). Composition of the co-culture is approximately 97% Chlorella 
vulgaris and 3% Leptolyngbya sp. by cell count based on flow cytometry.  
The stock cultures of Louisiana co-culture were maintained in Bold’s Basal medium 
(Bold 1949) mixed in sterilized deionized water and containing NaNO3 (2.94 mM), CaCl2•H2O 
(0.17 mM), MgSO4•7H2O (0.3 mM), K2HPO4 (0.43 mM), KH2PO4 (1.29 mM), NaCl (0.43 
mM), P-IV metal solution (Na2EDTA•2H2O, FeCL3•6H2O, MnCl2•4H2O, ZnCl2, 
CoCl2.6H2O, Na2MoO4•2H2O), vitamin B12 solution, biotin vitamin solution, and thiamine 
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vitamin solution. The stock cultures were maintained in three-gallon (11.4 L) polycarbonate 
plastic carboys with five liters volume of culture, placed under series of fluorescent lamps. 
Continuous aeration was provided at 0.47 L min
-1
 (1 SCFH). Carbon dioxide was injected daily 
to maintain the culture pH around 7-8. Approximately half of the stock culture was replenished 
weekly with Bold’s Basal medium to maintain growth of Louisiana co-culture. 
4.2.2. HISTAR Description 
The experimental HISTAR system at LSU consists of two sealed turbidostats and eight 
open continuous-flow stirred-tank reactors (CFSTRs) connected in series, with a centrifuge at the 
end of the system. The turbidostats and CFSTRs are constructed of circular polyethylene tanks 
with inside diameter of 114.3 cm (45 in) and maximum culture depth of 52 cm (20.5 in). The 
turbidostats were positioned at the height of 71 cm (28 in) from the ground, and the CFSTRs 
were positioned at ground level. Turbidostat 1 (T1) and Turbidostat (T2) were connected via 
polyvinyl chloride (PVC) pipe with a combined flow (Qtb) that enters the first CFSTR (CFSTR1) 
from the top. The CFSTRs were also connected via PVC pipe, with the output flow from 
CFSTRn-1 exiting from the bottom side of the CFSTRn-1 tank and entering CFSTRn from the top 
 
Figure 4.1. Schematic diagram of a HISTAR, consisting of two turbidostats and eight 
CFSTRs arranged in series. 
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side of CFSTRn. Flow from the final tank (CFSTR8) enters a rectangular reservoir tank with the 
dimensions of 45 cm by 45 cm by 45 cm before finally entering a centrifuge, where biomass was 
collected. The separated water decant from the centrifuge was discarded to the sink. 
The two turbidostats provided Louisiana co-culture inoculum which was injected into 
CFSTR1 at the flowrate of Qtb. Besides Qtb, a flushing flow (Qf) consisting water and media was 
added continuously to CFSTR1 creating a hydraulic gradient that moves the culture through the 
system. The eight CFSTRs serve as the biomass amplification unit, where CFSTRs connected in 
series mimics closely the reaction characteristic of a plug-flow reactor (Fogler 2005). The use of 
CFSTRs in series also allows for the separation of the dilution rates controlling an individual 
CFSTR versus the entire series of CFSTRs. The dilution rate of an individual reactor (local 
dilution rate) is: 
 
Figure 4.2. The actual experimental HISTAR system at LSU. Two turbidostats are located in the 
back, with the CFSTRs connected in series. 
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n
T
n
V
Q
D   (4.1) 
where Dn (d
-1
) is the local dilution rate of CFSTRn, QT (L d
-1
) is the total flow rate entering 
CFSTR1 (Qtb+Qf), and Vn (L) is the volume of CFSTRn. Theoretically, the local dilution rate can 
be manipulated as such so it is higher than the specific growth rate of a contaminant, thus 
preventing the contaminant from overtaking the culture. The actual growth of the co-culture is 
controlled by the system dilution rate: 
 

N
n n
T
s
V
Q
D
1
 (4.2) 
where Ds (d
-1
) is the system dilution rate and N is the total number of CFSTRs (in this 
experiment = 8). Thus, the system dilution rate can be manipulated by changing the total flow 
rate and/or by the addition or removal of CFSTRs. 
The Louisiana co-culture inoculum from the turbidostats was injected at ten minute 
intervals alternating between T1 and T2, thus each turbidostats injects inoculum to CFSTR1 every 
twenty minutes. As the culture level decreases, water + nutrients flows into the turbidostats and a 
float valve shuts down the flow when the culture level is back up to the desired height. The water 
used was tap water passed through three filters in series (5 µm-size cartridge filter, 5 µm-size 
carbon filter, and 0.35 µm-size cartridge filter) and a ultraviolet disinfection system. The 
nutrients used were obtained from industrial grade chemicals and part A from F/2 media for trace 
metals, following the Bold’s Basal medium recipe. The nutrients were mixed in the 40-L nutrient 
tank and injected every three minutes into the water line using FlexFlo
®
 Model A-100NV 
peristaltic injector pump. 
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The two turbidostats were continuously illuminated by dual lamp system of 400 watt 
metal halide lamp and 400 watt high pressure sodium lamp suspended approximately 24 cm 
(9.45 in) above the culture surface of each turbidostat. Meanwhile each CFSTR was 
continuously illuminated by 400 watt high pressure sodium lamp suspended approximately 24.5 
cm (9.65 in) above the culture surface of each CFSTR. The irradiated surface area for both 
turbidostats and CFSTRs was 1.03 m
2
. System aeration and circulation were provided by a 1 HP 
Sweetwater
®
 regenerative blower (Model S41), which gives 23.5 L min
-1
 (50 SCFH) of air for 
each Turbidostat and 21.2 L min
-1
 (45 SCFH) of air for each CFSTR. The air was treated through 
ultraviolet disinfection and 0.3 µm filters prior to entering the system. 
A remote terminal unit (RTU), RUG9™ (Rugid Computer) was used for data 
acquisitions and control applications of the HISTAR system. Every twenty minutes, the 
programmable logic controller collected and recorded the optical density, pH and temperature of 
the culture discharged from Turbidostats and CFSTR8. The pH of the culture was controlled by 
carbon dioxide injection with pH>8.5 as the set point for injection. Two pH measurements were 
  
Figure 4.3. (a) Tap water passes through these three filters before entering system. From right to 
left, 5µm, 5µm carbon, 0.35µm filter. (b) The nutrient tanks with the peristaltic pump connected 
with tubing to the water line. 
a b 
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executed by RUG9™, for the turbidostat output which controls CO2 injection into T1 and T2 and 
CFSTR8 output which controls CO2 injection into each CFSTRs. 
 
4.2.3. Experimental Setup 
4.2.3.1. HISTAR Run With Fixed Qtb Rate 
In the first experiment, the Qtb was set to be constant by fixing the harvest time for both 
turbidostats, thus in this case the turbidostats were manually operated. Prior to the experiment, 
empty turbidostats were inoculated with the co-culture. About 25 liters of co-culture from five 
plastic carboys (five liters of co-culture in each carboy) were added to the turbidostat plus 100 
liters of water+media. The culture was let to grow to have increase in density for 2-3 days before 
adding more water+media until it achieved the final volume of 454 L, at when the manually 
operated turbidostat was activated and the experiment begins. The initial co-culture composition 
was approximately 98% Chlorella vulgaris and 2% Leptolyngbya sp. by cell count. In this run, 
T1 and T2 were operated alternatively every other day. The harvest time was fixed and set to 
inject a total of 227 L inoculum (half of the T1 and T2 454 L tank volume) every 24 hours, 
corresponding to a 0.5 d
-1
 dilution rate of the manually operated turbidostat. At the end of the 24 
 
Figure 4.4. The RUG9™ unit that collects data and control applications for the HISTAR 
system, with screen display for user’s interface.  
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hour cycle, the running manually operated turbidostat was stopped and filled with water + 
nutrients back up to 454 L, and the other manually operated turbidostat then was operated. This 
gives time for the co-culture in the idle turbidostat to grow for 24 hours while the other 
turbidostat was operating. The nutrient used in this experiment was obtained from F/2 media. 
Three Qf were tested (0.55, 0.75 and 1.00 L min
-1
) and with the manually operated turbidostat 
dilution rate of 0.5 d
-1
 resulted in system dilution rate (Ds) of 0.28, 0.36 and 0.46 d
-1
, 
respectively. 
4.2.3.2. HISTAR Run With Controlled Qtb Rate 
In this experiment, the Qtb rate was controlled by adjusting the harvest time based on the 
measured inoculum optical density. Prior to the experiment, the turbidostats were inoculated by 
the process as described in section 4.2.3.1. When the HISTAR system was running, the 
turbidostat harvest time depended on the previous four readings of the co-culture optical density, 
where the harvest time increased when the co-culture optical density trend is increasing and vice 
versa. The real-time optical density was measured using a density transducer consisting of a 5 V 
red LED light source emitting a peak wavelength of 635 nm, and a phototransistor on the 
opposite end responding to the amount of light passed through the co-culture and sent the 
readings to the RUG9. Based on the optical density readings, the RUG9 determined the harvest 
time of turbidostats. Two runs at Qf= 1 L min
-1
 were executed. The system dilution rate varies 
between the two runs as the daily Qtb rate was different, as it depends on the optical density 
readings and the turbidostat harvest time control. Agricultural grade chemicals were used for the 
macro nutrients (i.e., NaNO3, CaCl2, MgSO4, KH2PO4 and NaCl), and added to match the Bold’s 
Basal medium recipe requirements. Agricultural grade chemicals that were purchased in bulk 
were chosen as they are much cheaper than laboratory grade chemicals, and thus more feasible in 
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practice for larger and continuous scale of biomass production. The trace metals and vitamins 
were added from F/2 media part A that can be purchased in bulk. 
4.2.3.3. Culture Recirculation in CFSTRs 
At the end of the controlled Qtb run, the Qf was stopped and culture in the CFSTRs was 
recirculated for three days. The recirculation was performed to monitor the physical change/shift 
of the co-culture after the co-culture concentration decreased drastically at the end of second 
HISTAR run with controlled Qtb rate. A water pump was submerged in CFSTR8 and the culture 
was pumped via tubing into CFSTR1. The recirculation rate was approximately 1.90 L min
-1
. No 
additional nutrients were added doing the recirculation. 
4.2.4. Analyses 
The RUG9™ unit collects the reading of the pH, temperature, optical density and harvest 
time for each turbidostat output and pH, temperature and optical density for CFSTR8 output 
every 20 minutes. The data collected by RUG9™ unit was downloaded every three days. Daily 
readings were taken for each turbidostat and the CFSTRs of the temperature, pH, dissolved 
oxygen, conductivity, cell count and optical density. Temperature and pH was measured using 
Orion 266 handheld device. Dissolved oxygen was measured with HACH sensION6 handheld 
device and conductivity with HACH sensION5 handheld device. Optical density at wavelength 
664 nm was measured with HACH DR/4000 UV/Vis Spectrophotometer that gives an estimate 
of the co-culture concentration in each tank. Cell count was counted using BD Accuri
TM
 C6 flow 
cytometer. Daily analyses of the nitrate and phosphate levels in the culture were performed 
according to Standard Method 4110, Determination of Anions by Ion Chromatography using 
Dionex IC25. The co-culture paste from the centrifuge was also collected daily. The paste mass 
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was recorded as the actual HISTAR daily biomass yield, and then was preserved in a 20°C 
freezer for further analysis. 
The biomass concentration of the co-culture in turbidostats and CFSTRs were measured 
every other day according to the LSU Civil and Environmental Engineering Water Quality Lab 
SOP PA 200, which was adapted from Standard Method 2540D with modification of the drying 
temperature (65°C) and duration (three hours) to avoid evaporation of volatile compounds. 
Instead of 0.7 µm pore size grade GF/F filter paper, the 1.2 µm pore size grade GF/C filter paper 
was used. Filtering the Louisiana co-culture using GF/F filter paper takes a prolonged amount of 
time because the Chlorella vulgaris cells have a large size (3-5 µm in diameter) that frequently 
clogs the filter. Thus, the GF/C filter paper was chosen to filter the Louisiana co-culture. A 
preliminary experiment was conducted to make sure no Leptolyngbya sp. cells were lost during 
filtration since they usually have cell size of less than 1 µm in diameter. The decant water from 
filtration was analyzed for its cell count using BD AccuriTM C6 flow cytometer. No 
Leptolyngbya sp. cells were detected; hence no cells were lost by filtering Louisiana co-culture 
using the GF/C filter paper. 
4.2.5. Irradiance Profile in the CFSTRs 
The irradiance profile study was conducted to determine the relationship between the 
scalar irradiance (Ia, µmol m
-2
 s
-1
), the tank depth (cm), and the biomass concentration (X, g m
-3
) 
The scalar irradiance (photon flux from all directions) was measured using a Li-Cor LI-193 
spherical quantum sensor. The CFSTR tank was sliced into imaginary eight horizontal discs in a 
6.25 cm increment, with each disc containing three concentric rings. Scalar irradiance readings 
were taken in the middle of each ring, which are 0 cm, 28.57 cm, and 47.62 cm from the center 
of the tank. The proportional volume of each ring was calculated and the weighted mean scalar 
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irradiance was calculated for each horizontal disc. The sum of the scalar irradiance readings of 
each increment divided by the total increments (8 in this case) represents the mean scalar 
irradiance inside the tank at a certain co-culture concentration. 
The light attenuation constant represents the decrease rate of scalar irradiance as the 
culture depth and biomass concentration increases. For clear water (no culture), the correlation 
between scalar irradiance and depth can be represented by the following equation: 
zk
z
deII 0  (4.3) 
where z (cm) represents the depth, Iz (µmol m
-2
 s
-1
) is the scalar irradiance at depth= z cm, I0 
(µmol m
-2
 s
-1
) is the scalar irradiance at the surface (z= 0 cm), and kd (cm
-1
) represents the light 
attenuation coefficient for clear water with respect to tank depth. Meanwhile, for CFSTR tanks 
with co-culture inside the correlation between scalar irradiance and depth is represented by the 
following equation: 
Xzk
z
aweII 0  (4.4) 
where X (g m
-3
) represents the biomass concentration in the tank, and kaw (m
3
 g
-1
 cm
-1
) 
represents the light attenuation coefficient with respect to biomass concentration and tank depth. 
The mean scalar irradiance with respect to the biomass concentration in the tank is represented 
with by: 
kX
Xa eII

0
 (4.5) 
where Ia (µmol m
-2
 s
-1
) represents the mean scalar irradiance, IX0 (µmol m
-2
 s
-1
) is the mean 
scalar irradiance when X= 0 g m
-3
, and k (m
3
 g
-1
) represents the constant that describes the 
decrease of Ia with the increase of X. The data was fitted by regression with an exponential 
curve, and the constant calculated represents the coefficient in equation 4.3, 4.4, and 4.5. 
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4.3. Results and Discussion 
4.3.1. HISTAR Run With Fixed Qtb Rate 
At trials of Ds= 0.28 and 0.36 d
-1
, the HISTAR system was run for 8 days, and for Ds= 
0.46 d
-1
 the HISTAR system was run for 6 days (Figure 4.5). The HISTAR system behaved most 
of the time as expected, with each successive CFSTR had a higher biomass concentration than 
the preceding one, confirming the CFSTRs in series as a biomass amplification unit. 
Different system dilution rates resulted in different yield parameters, with the maximum 
yield achieved at Qf=1 L min
-1
, Ds= 0.46 d
-1
 (Table 4.2). Low Ds, or high system hydraulic 
retention time, while may have higher biomass concentration, could not achieve a high daily 
productivity and the flow rate may be too low to physically remove the co-culture cells from the 
CFSTR8 entering the centrifuge. On the other hand the higher Ds resulted in a higher daily 
productivity, although the co-culture may not have enough time to reach maximum growth due 
to the quick washout. Since at Ds= 0.46 d
-1
 the daily productivity is still higher than at Ds= 0.28 
d
-1
 and 0.36 d
-1
 a higher Ds may have a higher productivity, but at a point the daily productivity 
can drop since co-culture will be completely washed out as it did not have the opportunity to 
achieve sufficient growth. 
The net specific growth rate was calculated with the biomass concentration data in 
CFSTR1 and CFSTR8 and the system dilution rate (Ds) as the time element. The maximum net 
Table 4.2. Mean ± standard deviation values of yield parameters for the HISTAR at the system 
dilution rates (Ds) of 0.28, 0.36, and 0.46 d
-1
. 
Parameter Ds= 0.28 d
-1
 Ds= 0.36 d
-1
 Ds= 0.46 d
-1
 
Biomass in CFSTR8 (g m
-3
) 
CFSTR8/CFSTR1 
Net Specific Growth Rate (U, d
-1
) 
Volumetric Productivity (g m
-3
 d
-1
) 
Areal Productivity (g m
-2
 d
-1
) 
Daily Wet Paste Harvest* (g) 
83 
2.84 
0.22 
23.2 
12.1 
339 
± 
± 
± 
± 
± 
± 
13 
1.00 
0.07 
3.5 
1.8 
73 
59 
3.43 
0.33 
21.1 
11.0 
459 
± 
± 
± 
± 
±
± 
17 
1.92 
0.15 
6.0 
3.1 
131 
108 
3.54 
0.51 
49.4 
25.7 
549 
± 
± 
± 
± 
±
± 
20 
0.90 
0.09 
9.4 
4.9 
258 
*Approximate dry content: 20% w/w. Represents paste physically removed from centrifuge. 
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(a) 
(b) 
(c) 
Figure 4.5. Growth curve for the Louisiana co-culture in consecutive CFSTRs at system 
dilution rate (Ds) of (a) 0.28, (b) 0.36 and (c) 0.46 d
-1
 with fixed Qtb rate of 0.16 L min
-1
. 
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specific growth rate was achieved at Qf= 1 L min
-1
, Ds= 0.46 d
-1
 with the value of 0.51 d
-1
. The 
biomass concentration at CFSTR8 was 3.54 times higher than at the starting point at CFSTR1. 
For comparison, batch culture of the Louisiana native co-culture yielded a maximum specific 
growth rate of 0.91 d
-1
 (unpublished data) which is 1.78 times higher than results in the HISTAR 
continuous system, although it should be noted that batch cultures yielded up to 2520 g m
-3
 total 
dry biomass compared to 108 g m
-3
 for the HISTAR system at Ds= 0.46 d
-1
. This may have been 
due to higher scalar irradiance received by culture in the Erlenmeyer flask compared to the 
culture in the tank used in the HISTAR system. More detailed discussion of the irradiance profile 
in a tank is presented in section 4.3.4. 
Table 4.3. Daily readings* of temperature, pH, dissolved oxygen, and conductivity for system 
dilution rate of 0.28, 0.36, and 0.46 d
-1
 with a fixed Qtb rate. 
Ds= 0.28 d
-1
 
 Temperature 
(°C) 
pH 
Dissolved 
Oxygen (mg L
-1
) 
Conductivity 
(µsiemens cm
-1
) 
T1 
T2 
CFSTR1 
CFSTR5 
CFSTR8 
26.3 ± 0.4 
25.6 ± 0.6 
24.8 ± 0.4 
24.3 ± 0.5 
24.1 ± 0.5 
9.02 ± 0.30 
8.84 ± 0.29 
8.72 ± 0.17 
8.90 ± 0.32 
8.45 ± 0.33 
7.73 ± 0.76 
7.49 ± 1.50 
7.81 ± 0.25 
7.51 ± 0.36 
7.53 ± 0.37 
580 ± 108 
559 ± 64 
559 ± 85 
620 ± 87 
656 ± 110 
Ds= 0.36 d
-1
 
 Temperature 
(°C) 
pH 
Dissolved 
Oxygen (mg L
-1
) 
Conductivity 
(µsiemens cm
-1
) 
T1 
T2 
CFSTR1 
CFSTR5 
CFSTR8 
26.4 ± 0.4 
25.4 ± 0.4 
25.4 ± 1.0 
24.6 ± 0.6 
24.2 ± 0.6 
8.39 ± 0.36 
8.30 ± 0.60 
8.49 ± 0.44 
8.52 ± 0.20 
8.44 ± 0.21 
7.66 ± 0.62 
7.95 ± 1.27 
7.65 ± 0.44 
7.61 ± 0.38 
7.66 ± 0.43 
589 ± 106 
606 ± 96 
584 ± 77 
565 ± 71 
587 ± 88 
Ds= 0.46 d
-1
 
 Temperature 
(°C) 
pH 
Dissolved 
Oxygen (mg L
-1
) 
Conductivity 
(µsiemens cm
-1
) 
T1 
T2 
CFSTR1 
CFSTR5 
CFSTR8 
26.9 ± 0.2 
25.7 ± 0.2 
25.6 ± 0.2 
25.3 ± 0.1 
25.0 ± 0.2 
8.96 ± 0.20 
8.83 ± 0.24 
8.14 ± 0.42 
8.22 ± 0.71 
8.49 ± 0.28 
7.09 ± 0.75 
7.97 ± 0.86 
6.65 ± 0.49 
7.26 ± 0.45 
7.40 ± 0.60 
599 ± 87 
633 ± 89 
603 ± 56 
585 ± 68 
588 ± 73 
*All values are mean ± standard deviation. 
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The volumetric productivity (Pv) was calculated by multiplying the biomass 
concentration in the last tank (CFSTR8, g m
-3
) with the system dilution rate (d
-1
). Meanwhile the 
areal productivity (Pa) was calculated by multiplying Pv with the culture depth in tank (52 cm). 
The maximum Pv and Pa was achieved at Ds= 0.46 d
-1
 with the value of 49.4±9.4 g m
-3
 d
-1
 and 
25.7±4.9 g m
-2
 d
-1
, respectively. Results are comparable to previous HISTAR experiments, such 
as Rusch and Christensen (2003) that reported a Pv and Pa of 67.3 g m
-3
 d
-1
 and 47.8 g m
-2
 d
-1
 
with Isochrysis sp. at Ds= 0.49 d
-1
, and Benson et al. (2009) reported a Pv and Pa of 25.5 g m
-3
 d
-1
 
and 19.9 g m
-2
 d
-1
 with Selenastrum capricornutum at Ds= 0.64 d
-1
. The productivity results are 
similar with results from open pond at Pa= 25 g m
-2
 d
-1
 but lower than results from 
photobioreactors at Pv= 1,250 g m
-3
 d
-1
 (Davis et al. 2011). Cuaresma et al. (2009) even reported 
a stunning high Pv of 12,000 g m
-3
 d
-1
 for Chlorella sorokiniana in a flat panel reactor, but under 
over saturated irradiance. In the HISTAR system the culture exposure with irradiance was not 
optimized (only from the top of the culture), and thus could explain why the results in the 
continuous process was lower than the batch process. 
4.3.2. HISTAR Run With Controlled Qtb Rate 
Two runs were executed with controlled Qtb rate both at Qf = 1 L min
-1
. Harvest time 
from T1 and T2 were adjusted according to the previous culture density readings. The turbidostats 
did not behave similarly. During the first experiment run, T1 was harvested at a mean of 
23.45±12.12 s per harvest cycle, while T2 was harvested at a mean of 26.74±17.16 s per cycle. 
This corresponds to a daily mean harvest volume of 56 L d
-1
 and 123 L d
-1
 for T1 and T2 
respectively, which translates to Ds= 0.45 d
-1
. In the first experiment, the total turbidostat flow 
(Qtb= 179 L d
-1
) represented 11.1% of the total flow (QT= Qf + Qtb = 1619 L d
-1
). For the second 
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experiment run, T1 and T2 were harvested at a mean of 24.82±16.74 s and 31.38±18.17 s per 
harvest cycle and daily harvest volume of 32 L d
-1
 and 39 L d
-1
 respectively. This translates to 
Ds= 0.42 d
-1
 in the second experiment. In the second experiment the volumetric rate of inoculum 
discharged from turbidostats were lowered, explaining why the daily harvest volume was lower 
in the second experiment. In the second experiment, the total turbidostat flow (Qtb= 71 L d
-1
) 
represented 5.0% of the total flow (QT= Qf + Qtb = 1511 L d
-1
). 
(a) 
(b) 
Figure 4.6. Growth curve for the Louisiana co-culture in consecutive CFSTRs at system 
dilution rate (Ds) at (a) 0.45 and (b) 0.42 d
-1
 with controlled Qtb rate and Qf= 1 L min
-1
. 
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The harvest time was reduced to a minimum limit when the culture concentration in the 
turbidostats started to decrease. When the culture in the turbidostats keeps decreasing and did not 
recover even with minimum harvest time, the experiment then was ended. The first run lasted for 
5 days and the second run for 6 days, followed by collapse of the culture in the turbidostats and 
in CFSTRs. The causes of the culture collapse are unknown. There was no single definitive 
explanation that could provide understanding of why the co-culture failed to survive in the 
HISTAR system. Possible explanations on why the co-culture collapsed: low average irradiance 
Table 4.4. Mean ± standard deviation values of yield parameters for the HISTAR with Qf = 1 L 
min
-1
 and controlled Qtb rate corresponding to Ds= 0.45 and 0.42 d
-1
. 
Parameter Ds= 0.45 d
-1
 Ds= 0.42 d
-1
 
Biomass in CFSTR8 (g m
-3
) 
CFSTR8/CFSTR1 
Net specific Growth Rate (U, d
-1
) 
Volumetric Productivity (g m
-3
 d
-1
) 
Areal Productivity (g m
-2
 d
-1
) 
Daily Wet Paste Harvest* (g) 
74 
2.82 
0.46 
25.7 
13.4 
353 
± 
± 
± 
± 
± 
± 
18 
0.91 
0.13 
12.6 
6.6 
74 
97 
3.82 
0.64 
27.0 
14.0 
225 
± 
± 
± 
± 
± 
± 
46 
1.77 
0.25 
22.8 
11.8 
88 
*Approximate dry content: 20% w/w. Represents paste physically removed from centrifuge. 
Table 4.5. Daily readings* of temperature, pH, dissolved oxygen, and conductivity for system 
dilution rate of 0.45 and 0.42 d
-1
 with a controlled Qtb rate. 
Ds= 0.45 d
-1
 
 Temperature 
(°C) 
pH 
Dissolved 
Oxygen (mg L
-1
) 
Conductivity 
(µsiemens cm
-1
) 
T1 
T2 
CFSTR1 
CFSTR5 
CFSTR8 
26.4 ± 0.2 
25.3 ± 0.2 
27.2 ± 0.2 
25.4 ± 0.2 
24.8 ± 0.3 
7.64 ± 0.49 
7.69 ± 0.44 
7.12 ± 0.12 
8.46 ± 0.67 
8.57 ± 0.62 
7.52 ± 0.72 
7.96 ± 0.45 
6.97 ± 0.17 
7.24 ± 0.39 
7.12 ± 0.37 
1311 ± 93 
1272 ± 104 
1315 ± 63 
1172 ± 198 
1134 ± 188 
Ds= 0.42 d
-1
 
 Temperature 
(°C) 
pH 
Dissolved 
Oxygen (mg L
-1
) 
Conductivity 
(µsiemens cm
-1
) 
T1 
T2 
CFSTR1 
CFSTR5 
CFSTR8 
26.8 ± 0.6 
25.5 ± 0.5 
27.5 ± 1.1 
26.1 ± 0.4 
25.6 ± 0.3 
7.90 ± 0.39 
7.87 ± 0.24 
7.30 ± 0.19 
8.32 ± 0.53 
7.74 ± 0.38 
8.07 ± 0.84 
8.00 ± 1.12 
7.52 ± 0.67 
8.09 ± 0.41 
8.07 ± 0.62 
1586 ± 103 
1514 ± 114 
1441 ± 239 
1341 ± 149 
1339 ± 129 
*All values are mean ± standard deviation. 
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in tanks prevented co-culture growth; contaminations from water or air source (protozoa, 
flagellates, etc.) that consume the algal cells; formation of cyanobacteria filaments and clumps 
that settled at the bottom of the tanks. At the end of second run, the Qf was stopped and the 
culture in CFSTRs was circulated. When circulated, the culture started to recover but is 
cyanobacteria dominant. 
4.3.3. Culture Recirculation in CFSTRs 
After the second run with the controlled Qtb was ended, the Qf was stopped but instead of 
emptying all the tanks, the culture in CFSTRs was maintained in recirculation mode to determine 
the possibility of a culture recovery. The flow rate of the recirculation was approximately 0.75 L 
d
-1
. Culture was kept in circulation for three days. At the end of the third day, the culture was 
growing but was dominated by the cyanobacteria Leptolyngbya sp. culture (over >95% cells are 
cyanobacteria by flow cytometry). The color of the culture was bluish-green, which was different 
than the Chlorella vulgaris dominant co-culture that has the color of yellowish-green.  
The cell counts and biomass concentration in suspension started to increase, and by day 3 
the cell count was already 6.8 times the initial cell count (Table 4.6). This culture was 
cyanobacteria dominant, visible from the bluish-green color and from the shift of population 
from flow cytometry analysis. This short experiment showed that when given the opportunity to 
Table 4.6. Growth results when culture in CFSTRs was circulated. Cell count and cyanobacteria 
percentage calculation was performed by flow cytometry using Accuri C6 flowcytometer. 
Day 
Total Biomass 
concentration 
(g m
-3
) 
Estimated 
biomass in 
filament form 
(g m
-3
) 
Estimated 
biomass in 
suspension  
(g m
-3
) 
Cell count in 
suspension 
(cells mL
-1
) 
Estimated 
cyanobacteria % 
0 
1 
2 
3 
100 
113 
167 
120 
97 
108 
156 
99 
3 
5 
11 
21 
57,000 
94,000 
213,000 
389,000 
95.0 % 
95.5 % 
95.8 % 
96.6 % 
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grow (higher retention time), cyanobacteria became the dominant species of the co-culture in the 
HISTAR system. Low light penetration could be the main factor that caused the cyanobacteria 
takeover, as it prefers growth at low irradiance while the Chlorella vulgaris growth was limited 
at 180 µmol m
-2
 s
-1
 (unpublished data) and presumably is also limited at lower irradiance. From 
the light attenuation study (Figure 4.7) at X= 37 g m
-3
 of a cyanobacteria dominant culture, the 
average scalar irradiance was 73.7 µmol m
-2
 s
-1
, and at X= 120 g m
-3
 the average scalar 
irradiance was mere 21.8 µmol m
-2
 s
-1
. This light condition clearly does not support Chlorella 
vulgaris growth, but is possibly favorable toward cyanobacteria growth. 
 
An interesting phenomenon occurred when the cyanobacteria dominant culture paste was 
harvested. The cyanobacteria dominant biomass obtained in the recirculating experiment showed 
a large concentration of water soluble blue pigments. Noticeable bluish liquid started to bleed 
from the paste when put in the freezer. There is a high indication that the water soluble pigment 
belongs to the phycobiliprotein family. The pigments in the phycobiliprotein family (e.g. 
phycocyanin) have multiple commercial use, such as food colorant, biochemical tracers, 
 
 
 
Attenuation Coefficient (kaw) from the 
equation 
Xzk
z
aweII
 0 are: 
 
For X= 37 g m
-3
,  
kaw= 1.21x10
-3
 m
-3
 g
-1
 cm
-1
 
 
For X= 87 g m
-3
,  
kaw= 1.24x10
-3
 m
-3
 g
-1
 cm
-1
 
 
For X=120 g m
-3
,  
kaw= 0.98x10
-3 
m
-3
 g
-1
 cm
-1
 
 
 
Figure 4.7. Scalar irradiance at various depths with cyanobacteria-dominant culture. The 
average scalar irradiance at concentrations 37, 87, and 120 g m
-3
 are 73.7, 25.5, and 21.8 
µmol m
-2
 s
-1
 respectively. From flow cytometry, cyanobacteria accounts for >95% culture. 
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antioxidant, and anti-cancer property (Chaiklahan et al. 2011). If the easily extracted water 
soluble pigment when analyzed is identified as phycocyanin pigment, it has a potential to have a 
high market value especially if high purity can be achieved. This can be another case study for 
the HISTAR run to produce phycocyanin pigments in large amounts. 
 
4.3.4. Irradiance Profile in the CFSTRs 
The irradiance profile in the culture tank is important, because unlike in batch cultures 
with two-liter size Erlenmeyer flasks, the irradiance significantly decreases within the tank depth 
due to the light attenuation. In a two liter Erlenmeyer flask, a culture volume of 1 L only has 
culture depth of 5.7 cm and the irradiance was assumed to be uniform within the culture. 
Compare to one CFSTR unit, which has a culture depth of 52 cm and a vastly higher volume of 
454 L. The culture on the surface obviously received much higher irradiance than culture at the 
bottom of the tank. Thus irradiance profile becomes a vital piece of information when running 
the HISTAR system. 
The irradiance profiles are presented in Figure 4.9. With water only (X= 0 g m
-3
), the 
average scalar irradiance achieved was 550 µmol m
-2
 s
-1
. But with co-culture concentration of 
   
Figure 4.8. Microscope pictures of the co-culture transition in the CFSTR, (a) initial, 
Chlorella vulgaris is still dominant in culture, (b) strands of Leptolyngbya sp. filaments 
starting to form, (c) finally cyanobacteria takes over culture forming clumps of filaments. 
Notice several Chlorella vulgaris cells on top of the filament clump. 
a b c 
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X= 50 g m
-3
, the average scalar irradiance already dropped more than half (60.3 % drop) to 218 
µmol m
-2
 s
-1
. With even higher concentration of X= 104 g m
-3
 the average scalar irradiance 
dropped 91.1% to a mere 49 µmol m
-2
 s
-1
. Compare this to the co-culture batch results 
(unpublished data) which had maximum growth at scalar irradiance 400 µmol m
-2
 s
-1
, with total 
dry biomass could be as high as 2,370 g m
-3
. In the batch results light-limited growth was 
experienced at 180 µmol m
-2
 s
-1
 and it is assumed that growth was also limited at lower 
 
For water only (X= 0 g m
-3
), the light 
attenuation coefficient kd (cm
-1
) for the 
equation 
zk
z
deII
 0 is: 
kd= 0.006 cm
-1
 
 
 
Attenuation Coefficient (kaw) from the 
equation 
Xzk
z
aweII
 0  are: 
For X= 50 g m
-3
,  
kaw= 6.20x10
-4
 m
-3
 g
-1
 cm
-1
 
 
For X= 90 g m
-3
,  
kaw= 8.78x10
-4
 m
-3
 g
-1
 cm
-1
 
 
For X=104 g m
-3
,  
kaw= 12.20x10
-4 
m
-3
 g
-1
 cm
-1
 
 
 
 
 
 
 
 
 
The constant k (m
3
 g
-1
) for the co-culture 
density vs mean scalar irradiance equation 
kX
Xa eII

0
is: 
k= 0.021 m
3
 g
-1
  
Figure 4.9. (a) Scalar irradiance at various depths with five different co-culture concentrations 
(X= 0, 50, 85, 90, and 104 g m
-3
) and (b) Average scalar irradiance in tank at various co-
culture concentrations. 
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irradiance. Thus, in the HISTAR system the co-culture growth was also light-limited at higher 
biomass concentrations. 
Another issue that occurs in the HISTAR system at low irradiance is the formation of the 
cyanobacteria (Leptolyngbya sp.) filaments as discussed in section 4.3.3. The cyanobacteria 
species thrived at low irradiance while the Chlorella vulgaris growth was limited. In this 
situation the cyanobacteria started to form filaments, eventually forming clumps and dragging all 
co-culture cells to the bottom of the tank, making it harder for the co-culture biomass to be 
pushed out of the system. The formation of cyanobacteria filaments can be seen from microscope 
viewing or even by naked eye, and was also evident by the increase of cyanobacteria percentage 
with time from the flow cytometry reading. 
4.4. Conclusions 
The HISTAR system was tested for continuous production of the Louisiana native co-
culture. HISTAR system was run both with fixed Qtb rate and controlled Qtb rate. The Louisiana 
native co-culture had difficulties to survive in the continuous culture system for more than 7 
days, possibly because of the overall low light penetration, airborne or waterborne contaminants, 
and the tendency of cyanobacteria (Leptolyngbya sp.) to form filaments and clumps under low 
light conditions. Suggestions for future modification of the HISTAR system include: higher 
overall irradiance by possibly using higher light intensity and reducing culture depth, better 
mixing and aeration of culture (so all cells can be exposed to the photic zone), better water and 
air filtering before entering the HISTAR system to reduce the amount of contaminants. 
When given a chance as in the recirculation of culture in CFTSRs, Leptolyngbya sp. 
started to dominate and overtake the culture in the HISTAR system. The Leptolynbgya sp. may 
strive better in low irradiance conditions compared to Chlorella vulgaris. The biomass collected 
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that is high in Leptolyngbya sp. may contain phycocyanin pigments and has the potential to have 
a high market value. Thus, further investigation towards Leptolyngbya sp. dominant culture 
cultivation in the HISTAR system is an interesting option for a future research project. 
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5. GLOBAL DISCUSSION 
The potential of a local co-culture species, in this case a Louisiana native Chlorella 
vulgaris/Leptolyngbya sp. for biomass-based biofuel production was investigated in this study. 
The purpose of using a local species and a symbiotic co-culture that existed naturally in the 
environment is hopefully to achieve a sustainable cultivation process where the growth can be 
maintained for a long period of time and resistant towards contamination under field conditions. 
For a better understanding of the Louisiana co-culture’s characteristic, batch studies were 
performed with various treatment to investigate its growth behavior. 
In chapter 2, the growth rate and biomass productivity of the Louisiana co-culture were 
investigated with the variation of irradiance, nitrogen level, and aeration condition. Based on 
experiment results, irradiance played an important role in the co-culture growth, with optimum 
growth observed in 400-800 µmol m
-2
 s
-1
. Growth was photo-limited at lower irradiance tested 
(180 µmol m
-2
 s
-1
) and photo-inhibited at higher irradiance tested (1200 µmol m
-2
 s
-1
). Scalar 
irradiance of 400 µmol m
-2
 s
-1
 is chosen as the optimum irradiance for growth of Louisiana 
native co-culture based on the growth rate, and also electricity consumption when using artificial 
light sources (operating cost). For culture outdoors utilizing sunlight, the knowledge of the 
optimum scalar irradiance is also beneficial for the design planning of the pond dimension, 
particularly depth of the pond. The average global solar radiation recorded for Louisiana from 
1998 – 2005 was 4.0 – 4.5 kWh m-2 d-1 (http://www.nrel.gov/gis/solar.html) which corresponds 
to 762 – 858 µmol m-2 s-1 according to the conversion for sunlight by Thimijan and Heins 
(1983). This value seems high, but it should be noted that the irradiance value reported is for 
global radiation and not only the photosynthetically active radiation (PAR). And within the pond 
depth light is attenuated and the irradiance can be drastically lowered, especially from turbidity 
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when co-culture cells are present. The light attenuation was also discussed in Chapter 4, an 
example where in a 454-L tank with biomass concentration of 85 g m
-3
, the scalar irradiance was 
drastically reduced from 300 µmol m
-2
 s
-1
 at the surface to less than 20 µmol m
-2
 s
-1
 at tank depth 
of 30 cm. Thus, optimization of the pond dimension is important to make sure the co-culture 
received sufficient irradiance at all locations to support growth and biomass productivity. 
Higher nitrogen level did result in higher biomass productivity as expected. While lower 
nitrogen level had higher neutral lipid content (unpublished data), it did not have higher overall 
neutral lipid productivity than culture at higher nitrogen level as the growth was compromised. 
Thus higher nitrogen level is still preferred for the cultivation of the Louisiana co-culture. In 
continuous large scale operations, the cultivation mode may be divided into two stages, first with 
sufficient nitrogen level and second with deficient nitrogen level. In the first stage the co-culture 
will be able to achieve growth and biomass productivity, while in the second stage the co-culture 
cells may accumulate more neutral lipids under nitrogen-limited conditions. Thus, it makes the 
cultivation process of Louisiana co-culture more attractive for biofuel production. This can also 
be achieved by adjusting the resident time of culture and nitrogen level in the system. The 
resident time is adjusted based on the co-culture’s specific growth rate as such so at the almost 
end of cultivation stage, the nitrogen is exhausted and the co-culture then accumulates more 
neutral lipids in the cells. 
As discussed earlier, denser culture creates a problem of limited light penetration inside 
the culture, at the end reducing the overall co-culture growth. To overcome this limitation several 
researchers suggested and investigated the microalgal growth under heterotrophic conditions, in 
the absence of light with organic addition (Liang et al. 2009; Perez-Garcia et al. 2011). In 
chapter 3, the growth rate, biomass and neutral lipid productivity of Louisiana co-culture was 
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investigated with addition of organic carbon dextrose and sodium acetate. Both heterotrophic 
growth and mixotrophic growth (heterotrophic growth simultaneously with phototrophic growth) 
were tested. The Louisiana co-culture demonstrated growth under heterotrophic and mixotrophic 
conditions, for both dextrose and sodium acetate. However significant increase of biomass 
productivity with organic carbon addition was not detected compared to phototrophic growth. 
What is interesting is that although with dextrose no significant increase was observed, with 
sodium acetate addition the neutral lipid content actually increased, 2.2 times higher than 
phototrophic growth. Thus the cost of adding sodium acetate versus the energy yield output from 
the increase of neutral lipid productivity should be analyzed for Louisiana co-culture cultivation, 
for the justification of adding organic carbon. Organic carbon can also be obtained from 
relatively cheap sources, such as the effluent from industrial/agricultural byproducts (Mitra et al. 
2012) or even wastewater (Markou and Georgakakis 2011; Pittman et al. 2011). 
Chapter 4 discussed the HISTAR system that was used to test growth of Louisiana co-
culture in continuous matter. The Louisiana co-culture demonstrated the ability for sustained 
growth for 6-8 days. At the end of runs, the Louisiana co-culture seems to have a tendency to 
switch from Chlorella vulgaris dominant to Leptolyngbya sp., which forms filaments in the 
CFSTRs. As light become more and more limited deep inside the CFSTR when culture is dense, 
the cyanobacteria seem to thrive under this low irradiance conditions. With cyanobacteria 
dominant culture, the paste collected contained a large amount of blue, water soluble pigments 
which is possibly a phycobilins type. The phycobilins (most likely phycocyanin) have the 
potential to be a very high value co-product for the biomass production in the HISTAR system. 
Thus, cultivation strategy for the Louisiana co-culture should be determined. Whether modifying 
the cultivation process to support Chlorella vulgaris dominant culture or switching the focus to a 
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more cyanobacteria Leptolyngbya sp. dominant cultivation, as besides the biomass production 
the potential valuable pigments extracted adds attractiveness to this process.  
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6. GLOBAL CONCLUSIONS AND RECOMMENDATIONS 
6.1. Global Conclusions 
The scope of this thesis was to provide foundational information of the Louisiana native 
co-culture growth conditions. In the first chapter general knowledge of microalgae and literature 
review was presented. In the second chapter the impact of irradiance, nitrogen, and aeration level 
towards the Louisiana native co-culture growth was investigated, while in the third chapter the 
impact of organic carbon addition in heterotrophic and mixotrophic growth regime was 
investigated. Finally in chapter four, continuous culture trials for the Louisiana native co-culture 
with HISTAR system was presented. 
Irradiance plays a significant role in the microalgal growth as it directly affects the 
photosynthesis process. The optimum irradiance for the Louisiana native co-culture that yielded 
maximum growth rate can be determined to be in the 400-800 µmol m
-2
 s
-1
 range. When 
irradiance was lower than the optimum level light-limited growth occurred (at 180 µmol m
-2
 s
-1
 ) 
and when irradiance was higher (at 1200 µmol m
-2
 s
-1
) it resulted in photoinhibition.  
Lowering the nitrogen level resulted in lower growth rate and biomass productivity, but 
indeed increased the neutral lipid content of the co-culture. However, the higher concentration of 
lipid could not offset the lower biomass productivity, thus the lipid productivity was lower. Thus 
higher nitrogen level was still preferred for biomass and neutral lipid production from Louisiana 
native co-culture. 
Another property that was demonstrated by the Louisiana native co-culture was the 
ability to be grown heterotrophically and mixotrophically with the addition of organic carbon. 
The maximum biomass concentration and lipid production (2,113 g m
-3
 and 24.1 g m
-3
 d
-1
 
respectively) was achieved with the addition of sodium acetate at C:N ratio 15:1 under 
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mixotrophic condition with N= 2.94 mM. The neutral lipid content of the Louisiana co-culture 
was also enhanced with the addition of sodium acetate, increasing the neutral lipid productivity 
compared to the control with phototrophic growth. Mixotrophic growth regime should be 
considered for continuous system cultivation, especially since increase in neutral lipid 
productivity was observed. 
The HISTAR system demonstrated the ability to maintain continuous biomass production 
for the Louisiana co-culture, with volumetric productivity results comparable to others. 
Interesting founding during the HISTAR run is the eventual domination of the cyanobacteria 
(Leptolyngbya sp.) in the culture, forming filaments that were not observed before. The 
cyanobacteria dominant culture produced paste that contains water soluble blue pigments, which 
is potentially phycobilins and possibly has great value to be used in various industries. This 
phenomenon should be explored further as from techno-economic analysis cultivating 
cyanobacteria-dominant culture may appear to be more promising. 
6.2. Recommendations 
For the organic carbon experiment, addition of organic carbon by fed-batch or semi-batch 
method should be tested. Adding organic carbon semi-continuously in small amounts could 
reduce the risk of bacterial contamination, and thus might increase the biomass and lipid 
productivity of the co-culture grown heterotrophically or mixotrophically. The Louisiana co-
culture growth should also be investigated with agricultural/industrial or wastewater effluent that 
contains organic carbon and can be obtained at relatively low or no cost. 
For the HISTAR system, modification should be done to support the Louisiana native co-
culture growth. Modifications of the HISTAR system include 1) higher light intensity, 2) tank 
depth recalculation, 3) better aeration and mixing system to prevent cells settling at the bottom of 
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the tank, 4) more efficient centrifugation system to collect more biomass paste, 5) addition of 
more space between tanks to provide more convenient monitoring and cleaning of the HISTAR 
system. 
At the meantime, if only depending on biodiesel production the 
microalgal/cyanobacterial cultivation is not yet feasible since the energy input is much greater 
than the energy output produced (Richardson et al. 2012). The value of the biomass harvested 
can be enhanced by extracting valuable co-products, such as the pigments (chlorophyll, 
phycobilins, carotenoids), polyhydroxyalkanoates (PHA), and protein from residual biomass 
after lipid extraction. Research of various co-products is recommended to add value towards the 
Louisiana co-culture cultivation in order to justify the process in the long haul. 
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APPENDIX A: DATA FROM THE IMPACT OF CULTURE CONDITIONS ON 
LOUISIANA NATIVE CO-CULTURE STUDY 
This study was performed to determine the impact of irradiance, nitrogen and aeration 
level on the growth rate and biomass productivity of a Louisiana native co-culture. In this 
appendix, there are 20 data sets for each treatment combination that presents the daily growth 
data, final biomass concentration, and chlorophyll-a concentration measurements. Each data set 
consists of three replicates. The treatment levels are: 
Initial Scalar Irradiance = 180, 400, 600, 800, and 1200 µmol m
-2
 s
-1
 
Nitrogen Level = 1.47 mM N and 2.94 mM N 
Aeration Level = None (with daily CO2 injection) and 0.47 L min
-1
 continuous aeration 
with 2% v/v CO2 
 
In each data set, the first table presents the daily optical readings, estimated 
concentration, net specific growth rate, and biomass productivity. The daily optical readings of 
the sample were taken with HACH DR/4000 UV/Vis Spectrophotometer at 664 nm and 750 nm. 
The estimated concentration was obtained from the calibration curve. The specific growth rate 
(µ, d
-1
) was calculated from the equation: 
)(
)/ln(
1
1
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  
with Xn= biomass concentration at day n (g m
-3
) and tn= day n. The net specific growth rate (U, 
d
-1
) is equal to µ, as the decay rate is assumed negligible. 
 
The biomass productivity (Pdw, g m
-3
 d
-1
) was calculated from the equation: 
1
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The second table presents the data for final biomass concentration (Xf, g m
-3
) which was 
calculated from the equation: 
   
(                     )  (              )
                  
 
     
   
 
 
The third table presents the data for chlorophyll-a concentration (Chl-a, mg m
-3
) which 
was calculated from the equation: 
dilution
RaRb
RaRb
Vs
Ve
RaRbaChl 


)1/(
/
)(  
with Rb= fluorometer reading before acidification (mg m
-3
), Ra= fluorometer reading after 
acidification (mg m
-3
), Vs= filtered sample volume (mL), Ve= extracted sample volume (mL), 
Rb/Ra= the chlorophyll-a standard equipment factor, in this case= 1.745 
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Data Set A 
Condition: Initial Scalar  Irradiance Nitrogen Level Aeration Level 
 180 µmol m
-2
 s
-1
 1.47 mM N  None 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.527 
0.706 
0.913 
1.002 
1.070 
1.094 
1.087 
1.094 
0.433 
0.565 
0.734 
0.822 
0.893 
0.919 
0.915 
0.929 
250 
335 
433 
475 
508 
519 
516 
519 
 
0.29 
0.26 
0.09 
0.07 
0.02 
-0.01 
0.01 
 
85 
98 
42 
32 
11 
-3 
3 
   Mean = 0.27 38 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3815 
1.3633 
1.3606 
1.3860 
1.3681 
1.3655 
10 
10 
10 
450 
480 
490 
   Mean = 473 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
8.0 
8.3 
10 
10 
328.2 
302.5 
198.6 
174.2 
3x 
3x 
729 
748 
     Mean = 739 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0.305 
0.447 
0.613 
0.779 
0.941 
1.030 
1.087 
1.185 
1.119 
1.108 
0.250 
0.368 
0.503 
0.630 
0.784 
0.872 
0.933 
0.964 
0.977 
0.967 
160 
235 
322 
409 
494 
540 
570 
622 
587 
581 
 
0.38 
0.32 
0.24 
0.19 
0.09 
0.05 
0.09 
-0.06 
-0.01 
 
75 
87 
87 
85 
47 
30 
51 
-35 
-6 
   Mean = 0.28 47 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
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a 
b 
c 
1.3964 
1.3826 
1.3714 
1.4020 
1.3880 
1.3769 
10 
10 
10 
560 
540 
550 
   Mean = 550 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
8.4 
8.4 
5 
5 
376.3 
410.0 
311.5 
320.6 
1x 
1x 
255 
352 
     Mean = 303 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
0.282 
0.398 
0.462 
0.531 
0.627 
0.697 
0.788 
0.847 
0.867 
0.867 
0.911 
0.925 
0.235 
0.338 
0.388 
0.440 
0.514 
0.567 
0.645 
0.699 
0.715 
0.720 
0.735 
0.739 
160 
226 
262 
301 
356 
395 
447 
481 
492 
492 
517 
525 
 
0.34 
0.15 
0.14 
0.17 
0.11 
0.12 
0.07 
0.02 
0.00 
0.05 
0.02 
 
66 
36 
39 
54 
40 
52 
33 
11 
0 
25 
8 
   Mean = 0.20 33 
 
Total Dry Biomass 
Filter paper  
(g) 
Filter paper + 
sample (g) 
Sample filtered  
(mL) 
Concentration  
(g m
-3
) 
a 
b 
c 
1.3933 
1.3727 
1.3936 
1.3980 
1.3775 
1.3983 
10 
10 
10 
470 
480 
470 
   Mean = 473 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc.  
(mg m
-3
) 
a 
b 
7.4 
6.0 
10 
10 
383.0 
439.7 
240.9 
271.1 
5x 
5x 
1232 
1185 
     Mean = 1208 
 
Data Set B 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 400 µmol m
-2
 s
-1
 1.47 mM N  None 
 
Replicate 1 
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Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.612 
0.731 
0.910 
1.008 
1.070 
1.101 
1.133 
1.169 
1.176 
0.499 
0.598 
0.763 
0.861 
0.936 
0.976 
1.021 
1.066 
1.077 
317 
379 
471 
522 
554 
570 
587 
605 
609 
 
0.18 
0.22 
0.10 
0.06 
0.03 
0.03 
0.03 
0.01 
 
62 
93 
51 
32 
16 
17 
19 
4 
   Mean = 0.17 37 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3814 
1.3825 
1.3811 
1.3877 
1.3883 
1.3874 
10 
10 
10 
630 
580 
630 
   Mean = 613 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.3 
8.5 
10 
10 
116.2 
135.5 
63.5 
71.8 
3x 
3x 
270 
381 
     Mean = 325 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0.606 
0.775 
0.911 
1.049 
1.133 
1.185 
1.213 
1.247 
1.256 
1.267 
0.531 
0.656 
0.767 
0.899 
0.986 
1.053 
1.095 
1.135 
1.153 
1.169 
308 
394 
464 
534 
576 
603 
617 
634 
639 
645 
 
0.25 
0.16 
0.14 
0.08 
0.04 
0.02 
0.03 
0.01 
0.01 
 
86 
69 
70 
43 
26 
14 
17 
5 
6 
   Mean = 0.18 37 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3716 
1.3838 
1.3750 
1.3786 
1.3906 
1.3820 
10 
10 
10 
700 
680 
700 
120 
 
   Mean = 693 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.2 
7.6 
10 
10 
116.7 
84.7 
80.0 
54.5 
3x 
3x 
186 
161 
     Mean = 174 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0.623 
0.752 
0.938 
1.048 
1.111 
1.159 
1.178 
1.194 
1.196 
1.205 
1.211 
0.560 
0.643 
0.807 
0.914 
0.991 
1.044 
1.072 
1.097 
1.108 
1.121 
1.133 
376 
454 
566 
633 
671 
700 
711 
721 
722 
728 
731 
 
0.19 
0.22 
0.11 
0.06 
0.04 
0.02 
0.01 
0.00 
0.01 
0.00 
 
78 
112 
66 
38 
29 
11 
10 
1 
5 
4 
   Mean = 0.17 36 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3948 
1.3752 
1.3869 
1.4024 
1.3830 
1.3944 
10 
10 
10 
760 
780 
750 
   Mean = 763 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
8.7 
7.5 
5 
5 
178.5 
201.8 
133.9 
151.2 
1x 
1x 
182 
178 
     Mean = 180 
 
Data Set C 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 600 µmol m
-2
 s
-1
 1.47 mM N  None 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
0.330 
0.433 
0.296 
0.384 
188 
246 
 
0.27 
 
59 
121 
 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
0.511 
0.720 
0.752 
0.845 
0.866 
0.851 
0.865 
0.903 
0.885 
0.901 
0.435 
0.642 
0.675 
0.774 
0.796 
0.779 
0.794 
0.832 
0.824 
0.844 
291 
410 
428 
481 
493 
484 
492 
514 
504 
513 
0.17 
0.34 
0.04 
0.12 
0.02 
-0.02 
0.02 
0.04 
-0.02 
0.02 
44 
119 
18 
53 
12 
-9 
8 
22 
-10 
9 
   Mean = 0.26 36 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0832 
0.0835 
0.0832 
0.0885 
0.0880 
0.0889 
10 
10 
10 
530 
450 
570 
   Mean = 517 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
6.8 
6.0 
10 
10 
112.3 
119.4 
65.6 
69.7 
3x 
3x 
223 
210 
     Mean = 216 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
0.197 
0.234 
0.230 
0.343 
0.416 
0.596 
0.637 
0.741 
0.774 
0.761 
0.798 
0.807 
0.801 
0.780 
0.167 
0.193 
0.189 
0.300 
0.341 
0.514 
0.562 
0.679 
0.708 
0.709 
0.745 
0.750 
0.750 
0.730 
131 
155 
152 
227 
276 
395 
422 
491 
513 
504 
529 
535 
531 
517 
 
0.17 
-0.02 
0.40 
0.19 
0.36 
0.07 
0.15 
0.04 
-0.02 
0.05 
0.01 
-0.01 
-0.03 
 
25 
-3 
75 
48 
119 
27 
69 
22 
-9 
25 
6 
-4 
-14 
   Mean = 0.28 37 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
122 
 
a 
b 
c 
0.0843 
0.0831 
0.0846 
0.0897 
0.0885 
0.0901 
10 
10 
10 
540 
540 
550 
   Mean = 543 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.1 
7.5 
10 
10 
79.8 
104.2 
50.0 
66.8 
3x 
3x 
149 
197 
     Mean = 173 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.349 
0.401 
0.474 
0.607 
0.741 
0.846 
0.922 
0.956 
0.974 
0.292 
0.312 
0.411 
0.529 
0.664 
0.776 
0.849 
0.871 
0.906 
201 
231 
273 
349 
426 
486 
530 
550 
560 
 
0.14 
0.17 
0.25 
0.20 
0.13 
0.09 
0.04 
0.02 
 
30 
42 
76 
77 
60 
44 
20 
10 
   Mean = 0.20 88 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0905 
0.0893 
0.0900 
0.0954 
0.0945 
0.0950 
10 
10 
10 
490 
520 
500 
   Mean = 503 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
6.9 
5.8 
10 
10 
99.0 
118.9 
56.2 
69.0 
1x 
1x 
69 
68 
     Mean = 68 
 
Data Set D 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 800 µmol m
-2
 s
-1
 1.47 mM N  None 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
0.583 
0.729 
0.487 
0.613 
339 
424 
 
0.22 
 
85 
123 
 
2 
3 
4 
5 
6 
7 
8 
0.864 
0.958 
1.024 
1.064 
1.087 
1.119 
1.132 
0.741 
0.837 
0.913 
0.964 
0.995 
1.035 
1.051 
503 
558 
596 
620 
633 
652 
659 
0.17 
0.10 
0.07 
0.04 
0.02 
0.03 
0.01 
79 
55 
38 
23 
13 
19 
8 
   Mean = 0.17 40 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3723 
1.3715 
1.3742 
1.3787 
1.3774 
1.3810 
10 
10 
10 
640 
590 
680 
   Mean = 637 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.9 
7.8 
10 
10 
80.4 
70.7 
43.2 
35.3 
3x 
3x 
207 
194 
     Mean = 200 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0.720 
0.811 
0.942 
1.032 
1.081 
1.133 
1.144 
1.164 
1.175 
1.192 
1.193 
0.655 
0.703 
0.824 
0.917 
0.979 
1.036 
1.058 
1.084 
1.105 
1.125 
1.134 
510 
574 
667 
731 
765 
802 
810 
824 
832 
844 
845 
 
0.12 
0.15 
0.09 
0.05 
0.05 
0.01 
0.02 
0.01 
0.01 
0.00 
 
64 
93 
64 
35 
37 
8 
14 
8 
12 
1 
   Mean = 0.13 33 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3860 
1.3756 
1.3732 
1.3942 
1.3838 
1.3776 
10 
10 
5 
820 
820 
880 
   Mean = 840 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution Chl- a Conc. 
124 
 
(mg m
-3
) 
a 
b 
8.7 
8.0 
5 
5 
54.8 
65.0 
32.7 
38.8 
1x 
1x 
90 
98 
     Mean = 94 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0.698 
0.801 
0.965 
1.066 
1.119 
1.126 
1.131 
1.143 
1.138 
1.150 
1.148 
0.648 
0.707 
0.862 
0.971 
1.033 
1.052 
1.062 
1.073 
1.072 
1.086 
1.091 
346 
397 
478 
528 
554 
558 
560 
566 
564 
569 
568 
 
0.14 
0.19 
0.10 
0.05 
0.01 
0.00 
0.01 
0.00 
0.01 
0.00 
 
51 
81 
50 
26 
3 
2 
6 
-2 
6 
-1 
   Mean = 0.14 22 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3734 
1.3767 
1.3807 
1.3802 
1.3834 
1.3868 
10 
10 
10 
680 
670 
610 
   Mean = 653 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.8 
7.8 
10 
10 
86.5 
84.2 
58.0 
58.8 
3x 
3x 
156 
139 
     Mean = 148 
 
Data Set E 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 1200 µmol m
-2
 s
-1
 1.47 mM N  None 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
0.206 
0.285 
0.195 
0.350 
0.426 
0.184 
0.254 
0.159 
0.313 
0.370 
120 
166 
114 
204 
249 
 
0.32 
-0.38 
0.58 
0.20 
 
46 
-53 
90 
44 
125 
 
5 
6 
7 
8 
9 
10 
11 
12 
13 
0.459 
0.532 
0.549 
0.570 
0.628 
0.666 
0.704 
0.704 
0.703 
0.416 
0.483 
0.497 
0.515 
0.577 
0.614 
0.654 
0.683 
0.656 
268 
310 
320 
333 
366 
389 
411 
411 
410 
0.07 
0.15 
0.03 
0.04 
0.10 
0.06 
0.06 
0.00 
0.00 
19 
43 
10 
12 
34 
22 
22 
0 
-1 
   Mean = 0.18 26 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0836 
0.0841 
0.0831 
0.0876 
0.0879 
0.0876 
10 
10 
10 
400 
380 
450 
   Mean = 410 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.4 
6.7 
10 
10 
49.4 
54.0 
29.8 
33.0 
1x 
1x 
34 
33 
     Mean = 33 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
0.157 
0.205 
0.202 
0.283 
0.308 
0.378 
0.466 
0.606 
0.646 
0.676 
0.684 
0.675 
0.660 
0.129 
0.172 
0.170 
0.250 
0.259 
0.333 
0.409 
0.558 
0.598 
0.631 
0.637 
0.627 
0.616 
101 
131 
129 
181 
197 
242 
299 
388 
414 
433 
438 
433 
423 
 
0.27 
-0.01 
0.34 
0.08 
0.20 
0.21 
0.26 
0.06 
0.05 
0.01 
-0.01 
-0.02 
 
31 
-2 
52 
16 
45 
56 
90 
26 
19 
5 
-6 
-10 
   Mean = 0.22 34 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
0.0831 
0.0841 
0.0872 
0.0884 
10 
10 
410 
430 
126 
 
c 0.0816 0.0859 10 430 
   Mean = 423 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.1 
7.0 
10 
10 
115.3 
58.5 
79.8 
35.9 
1x 
1x 
59 
37 
     Mean = 48 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.345 
0.359 
0.378 
0.495 
0.606 
0.666 
0.722 
0.731 
0.751 
0.304 
0.324 
0.339 
0.441 
0.553 
0.615 
0.633 
0.659 
0.699 
232 
242 
255 
334 
408 
449 
486 
493 
506 
 
0.04 
0.05 
0.27 
0.20 
0.09 
0.08 
0.01 
0.03 
 
9 
13 
79 
75 
40 
38 
6 
13 
   Mean = 0.13 34 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0831 
0.0841 
0.0820 
0.0872 
0.0884 
0.0860 
10 
10 
10 
410 
430 
430 
   Mean = 423 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.1 
7.0 
10 
10 
115.3 
58.5 
79.8 
35.9 
1x 
1x 
59 
37 
     Mean = 48 
 
Data Set F 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 180 µmol m
-2
 s
-1
 2.94 mM N  None 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
0.484 
0.606 
0.774 
0.399 
0.489 
0.593 
280 
350 
447 
 
0.22 
0.24 
 
70 
97 
127 
 
3 
4 
5 
6 
7 
8 
9 
10 
0.910 
1.054 
1.207 
1.354 
1.440 
1.492 
1.533 
1.588 
0.682 
0.763 
0.848 
0.955 
1.027 
1.110 
1.147 
1.200 
526 
609 
697 
782 
832 
862 
885 
917 
0.16 
0.15 
0.14 
0.11 
0.06 
0.04 
0.03 
0.04 
79 
83 
88 
85 
50 
30 
24 
32 
   Mean = 0.21 64 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3950 
1.3821 
1.3753 
1.3997 
1.3868 
1.3799 
5 
5 
5 
940 
940 
920 
   Mean = 933 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
8.6 
7.6 
5 
5 
429.8 
390.0 
236.8 
200.2 
7x 
7x 
5444 
4731 
     Mean = 5087 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0.302 
0.423 
0.598 
0.716 
0.844 
0.970 
1.105 
1.205 
1.254 
1.275 
0.247 
0.349 
0.493 
0.578 
0.671 
0.756 
0.870 
0.962 
1.014 
1.037 
165 
231 
327 
392 
461 
530 
604 
659 
686 
697 
 
0.34 
0.35 
0.18 
0.16 
0.14 
0.13 
0.09 
0.04 
0.02 
 
66 
96 
65 
70 
69 
74 
55 
27 
11 
   Mean = 0.29 59 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3850 
1.3842 
1.3875 
1.3941 
1.3933 
1.3971 
10 
10 
10 
910 
910 
962 
   Mean = 927 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution Chl- a Conc. 
128 
 
(mg m
-3
) 
a 
b 
8.4 
8.5 
5 
5 
295.6 
243.3 
174.4 
152.6 
3x 
3x 
1431 
1085 
     Mean = 1258 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0.366 
0.535 
0.688 
0.793 
0.895 
0.974 
1.117 
1.267 
1.379 
1.446 
1.489 
0.298 
0.422 
0.562 
0.627 
0.699 
0.744 
0.821 
0.941 
1.034 
1.092 
1.146 
143 
209 
269 
310 
349 
380 
436 
495 
538 
565 
581 
 
0.38 
0.25 
0.14 
0.12 
0.08 
0.14 
0.13 
0.08 
0.05 
0.03 
 
66 
60 
41 
40 
31 
56 
59 
44 
26 
17 
   Mean = 0.32 66 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3736 
1.3808 
1.3724 
1.3809 
1.3884 
1.3757 
10 
10 
5 
730 
760 
660 
   Mean = 717 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
8.0 
7.1 
5 
5 
375.5 
387.0 
258.3 
255.5 
5x 
5x 
2196 
2187 
     Mean = 2192 
 
Data Set G 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 400 µmol m
-2
 s
-1
 2.94 mM N  None 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
0.668 
0.787 
0.947 
1.092 
1.232 
0.542 
0.631 
0.744 
0.840 
0.910 
473 
557 
670 
773 
872 
 
0.16 
0.19 
0.14 
0.12 
 
84 
113 
103 
99 
129 
 
5 
6 
7 
8 
9 
10 
11 
1.340 
1.429 
1.486 
1.525 
1.556 
1.587 
1.593 
1.004 
1.086 
1.148 
1.200 
1.247 
1.290 
1.320 
949 
1012 
1052 
1080 
1101 
1123 
1128 
0.08 
0.06 
0.04 
0.03 
0.02 
0.02 
0.00 
76 
63 
40 
28 
22 
22 
4 
   Mean = 0.16 60 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3765 
1.1100 
1.3835 
1.3817 
1.1161 
1.3899 
5 
5 
5 
1040 
1220 
1280 
   Mean = 1180 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
8.2 
7.7 
5 
5 
230.0 
177.3 
129.7 
75.5 
5x 
5x 
1927 
1836 
     Mean = 1882 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
0.672 
0.798 
1.010 
1.222 
1.337 
1.407 
1.443 
1.469 
1.466 
1.477 
1.478 
1.468 
0.616 
0.666 
0.794 
0.981 
1.103 
1.182 
1.237 
1.278 
1.293 
1.314 
1.331 
1.333 
468 
556 
704 
851 
932 
980 
1005 
1024 
1022 
1029 
1030 
1023 
 
0.17 
0.24 
0.19 
0.09 
0.05 
0.03 
0.02 
0.00 
0.01 
0.00 
-0.01 
 
88 
148 
148 
80 
49 
25 
18 
-2 
8 
1 
-7 
   Mean = 0.20 50 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.1107 
1.3867 
1.3671 
1.1163 
1.3918 
1.3722 
5 
5 
5 
1120 
1020 
1020 
   Mean = 1053 
 
130 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.9 
8.9 
5 
5 
168.2 
148.4 
102.0 
93.0 
3x 
3x 
735 
693 
     Mean = 714 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
0.750 
0.944 
1.100 
1.263 
1.410 
1.456 
1.505 
1.555 
1.574 
1.579 
0.624 
0.757 
0.847 
0.973 
1.113 
1.177 
1.238 
1.293 
1.331 
1.343 
453 
570 
664 
762 
851 
879 
908 
939 
950 
953 
 
0.23 
0.15 
0.14 
0.11 
0.03 
0.03 
0.03 
0.01 
0.00 
 
117 
94 
98 
89 
28 
30 
30 
11 
3 
   Mean = 0.19 56 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3646 
1.3795 
1.3690 
1.3750 
1.3915 
1.3806 
10 
10 
10 
1040 
1200 
1160 
   Mean = 1133 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.4 
8.0 
10 
10 
288.6 
260.0 
192.5 
159.7 
5x 
5x 
833 
940 
     Mean = 886 
 
Data Set H 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 600 µmol m
-2
 s
-1
 2.94 mM N  None 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
0.320 
0.474 
0.529 
0.719 
0.768 
0.269 
0.402 
0.422 
0.587 
0.593 
207 
307 
342 
465 
497 
 
0.39 
0.11 
0.31 
0.07 
 
100 
36 
123 
32 
131 
 
5 
6 
7 
8 
9 
10 
11 
12 
13 
0.933 
0.958 
0.980 
0.984 
1.053 
1.092 
1.184 
1.182 
1.173 
0.726 
0.728 
0.740 
0.747 
0.839 
0.871 
0.975 
0.980 
1.001 
604 
620 
634 
637 
681 
707 
766 
765 
759 
0.19 
0.03 
0.02 
0.00 
0.07 
0.04 
0.08 
0.00 
-0.01 
107 
16 
14 
3 
45 
25 
60 
-1 
-6 
   Mean = 0.27 51 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0836 
0.0831 
0.0837 
0.0920 
0.0916 
0.0925 
10 
10 
10 
840 
850 
880 
   Mean = 857 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.0 
7.7 
10 
10 
226.7 
208.1 
132.2 
117.3 
6x 
6x 
930 
983 
     Mean = 956 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
16 
0.195 
0.148 
0.149 
0.229 
0.265 
0.381 
0.442 
0.635 
0.649 
0.863 
0.870 
0.874 
1.033 
1.050 
1.083 
1.087 
1.126 
0.164 
0.120 
0.120 
0.200 
0.219 
0.331 
0.365 
0.529 
0.526 
0.731 
0.732 
0.737 
0.907 
0.924 
0.972 
0.989 
1.039 
137 
104 
105 
161 
187 
268 
311 
447 
457 
608 
613 
616 
728 
740 
763 
766 
793 
 
-0.28 
0.01 
0.43 
0.15 
0.36 
0.15 
0.36 
0.02 
0.28 
0.01 
0.00 
0.17 
0.02 
0.03 
0.00 
0.04 
 
-33 
1 
56 
25 
82 
43 
136 
10 
151 
5 
3 
112 
12 
23 
3 
27 
   Mean = 0.29 45 
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Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0819 
0.0838 
0.0823 
0.0906 
0.0923 
0.0908 
10 
10 
10 
870 
850 
850 
   Mean = 857 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.2 
7.5 
10 
10 
233.2 
150.3 
153.2 
72.1 
6x 
6x 
810 
824 
     Mean = 817 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.379 
0.451 
0.525 
0.651 
0.838 
0.989 
1.121 
1.179 
1.203 
0.308 
0.375 
0.449 
0.546 
0.677 
0.795 
0.923 
0.974 
1.019 
300 
356 
415 
515 
662 
782 
886 
932 
951 
 
0.17 
0.15 
0.22 
0.25 
0.17 
0.13 
0.05 
0.02 
 
57 
58 
100 
148 
119 
104 
46 
19 
   Mean = 0.20 81 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0899 
0.0828 
0.084 
0.0998 
0.0919 
0.093 
10 
10 
10 
990 
910 
940 
   Mean = 947 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.5 
7.2 
10 
10 
198.1 
177.3 
119.8 
177.3 
3x 
3x 
413 
350 
     Mean = 381 
 
 
 
Data Set I 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 800 µmol m
-2
 s
-1
 2.94 mM N  None 
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Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
0.595 
0.749 
0.936 
1.056 
1.160 
1.250 
1.334 
1.404 
1.426 
1.455 
1.494 
1.501 
0.484 
0.605 
0.728 
0.810 
0.885 
0.968 
1.048 
1.118 
1.130 
1.195 
1.249 
1.276 
426 
537 
671 
757 
831 
896 
956 
1006 
1020 
1043 
1071 
1076 
 
0.23 
0.22 
0.12 
0.09 
0.07 
0.07 
0.05 
0.02 
0.02 
0.03 
0.00 
 
110 
134 
86 
75 
64 
60 
50 
16 
21 
28 
5 
   Mean = 0.23 59 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3878 
1.3848 
1.3956 
1.3934 
1.3903 
1.4017 
5 
5 
5 
1120 
1100 
1220 
   Mean = 1147 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
9.5 
8.0 
5 
5 
99.1 
141.0 
56.5 
88.0 
5x 
5x 
948 
993 
     Mean = 971 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
0.702 
0.839 
0.980 
1.161 
1.291 
1.350 
1.406 
1.445 
1.461 
1.482 
1.490 
1.478 
0.639 
0.690 
0.771 
0.918 
1.055 
1.121 
1.194 
1.246 
1.277 
1.313 
1.336 
1.344 
497 
594 
694 
822 
914 
956 
996 
1023 
1035 
1049 
1055 
1047 
 
0.18 
0.16 
0.17 
0.11 
0.04 
0.04 
0.03 
0.01 
0.01 
0.01 
-0.01 
 
97 
100 
128 
92 
42 
40 
28 
11 
15 
6 
-8 
   Mean = 0.17 50 
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Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3861 
1.3836 
1.3963 
1.3922 
1.3888 
1.4020 
5 
5 
5 
1220 
1040 
1140 
   Mean = 1133 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
8.6 
8.3 
5 
5 
136.2 
181.2 
94.2 
129.5 
3x 
3x 
508 
603 
     Mean = 555 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
0.759 
0.944 
1.112 
1.282 
1.393 
1.437 
1.476 
1.510 
1.535 
1.537 
1.536 
0.636 
0.767 
0.874 
1.021 
1.142 
1.208 
1.266 
1.313 
1.356 
1.370 
1.389 
478 
594 
700 
807 
877 
905 
929 
951 
967 
968 
967 
 
0.22 
0.16 
0.14 
0.08 
0.03 
0.03 
0.02 
0.02 
0.00 
0.00 
 
116 
106 
107 
70 
28 
25 
21 
16 
1 
-1 
   Mean = 0.17 49 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
1.3868 
1.1088 
1.3698 
1.3980 
1.1198 
1.3747 
10 
10 
5 
1120 
1100 
980 
   Mean = 1067 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.5 
7.8 
5 
5 
120.8 
103.6 
83.9 
72.4 
5x 
5x 
648 
570 
     Mean = 609 
 
Data Set J 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 1200 µmol m
-2
 s
-1
 2.94 mM N  None 
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Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 
11 
12 
13 
14 
15 
0.215 
0.233 
0.189 
0.318 
0.372 
0.443 
0.460 
0.484 
0.503 
0.602 
0.664 
0.807 
0.814 
0.988 
1.017 
1.081 
0.192 
0.208 
0.152 
0.284 
0.328 
0.398 
0.411 
0.426 
0.441 
0.531 
0.567 
0.704 
0.706 
0.902 
0.928 
1.009 
140 
151 
123 
206 
241 
288 
299 
314 
326 
391 
431 
524 
528 
641 
660 
702 
 
0.08 
-0.21 
0.52 
0.16 
0.17 
0.04 
0.05 
0.04 
0.18 
0.10 
0.20 
0.01 
0.19 
0.03 
0.06 
 
12 
-29 
84 
35 
46 
11 
16 
12 
64 
40 
93 
5 
113 
19 
42 
   Mean = 0.14 37 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0838 
0.0830 
0.0836 
0.0909 
0.0900 
0.0912 
10 
10 
10 
710 
700 
760 
   Mean = 723 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.7 
6.4 
10 
10 
106.4 
94.9 
67.5 
53.9 
3x 
3x 
211 
184 
     Mean = 197 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.232 
0.195 
0.197 
0.244 
0.271 
0.307 
0.353 
0.417 
0.193 
0.164 
0.166 
0.214 
0.229 
0.272 
0.303 
0.369 
161 
135 
137 
169 
188 
213 
245 
290 
 
-0.17 
0.01 
0.21 
0.10 
0.12 
0.14 
0.17 
 
-26 
1 
33 
19 
25 
32 
44 
136 
 
8 
9 
10 
11 
12 
13 
14 
15 
16 
17 
0.477 
0.547 
0.616 
0.642 
0.766 
0.835 
0.870 
0.888 
0.891 
0.892 
0.411 
0.485 
0.526 
0.545 
0.672 
0.716 
0.801 
0.821 
0.824 
0.824 
331 
380 
428 
446 
532 
580 
604 
617 
619 
619 
0.13 
0.14 
0.12 
0.04 
0.18 
0.09 
0.04 
0.02 
0.00 
0.00 
42 
49 
48 
18 
86 
48 
24 
13 
2 
1 
   Mean = 0.15 30 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0838 
0.0841 
0.0840 
0.0899 
0.0905 
0.0910 
10 
10 
10 
610 
640 
670 
   Mean = 640 
 
Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.0 
7.0 
10 
10 
134.6 
78.9 
100.4 
51.7 
3x 
3x 
168 
134 
     Mean = 151 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.252 
0.310 
0.358 
0.459 
0.517 
0.627 
0.710 
0.732 
0.756 
0.213 
0.295 
0.321 
0.406 
0.462 
0.549 
0.658 
0.664 
0.669 
170 
201 
232 
298 
336 
407 
461 
475 
491 
 
0.21 
0.14 
0.25 
0.12 
0.19 
0.12 
0.03 
0.03 
 
31 
31 
66 
38 
71 
54 
14 
16 
   Mean = 0.18 40 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
a 
b 
c 
0.0900 
0.0921 
0.0890 
0.0983 
0.1004 
0.0970 
10 
10 
10 
830 
830 
770 
   Mean = 810 
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Chlorophyll-a Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
a 
b 
7.3 
6.1 
10 
10 
65.0 
60.7 
39.0 
36.6 
3x 
3x 
134 
103 
     Mean = 118 
 
Data Set K 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 180 µmol m
-2
 s
-1
 1.47 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.175 
0.302 
0.595 
1.108 
2.188 
3.092 
2.744 
2.928 
3.388 
0.148 
0.262 
0.499 
0.818 
1.916 
2.584 
2.472 
2.644 
3.060 
88 
152 
299 
557 
1101 
1556 
1381 
1473 
1705 
 
0.55 
0.68 
0.62 
0.68 
0.35 
-0.12 
0.06 
0.15 
 
64 
147 
258 
543 
455 
-175 
93 
231 
   Mean = 0.66 256 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0889 0.0975 5 1720 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.9 5 52.5 32.2 31x 2337 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.103 
0.305 
0.644 
1.071 
1.884 
2.352 
2.384 
2.788 
0.085 
0.272 
0.544 
0.799 
1.632 
2.080 
2.144 
2.524 
52 
153 
324 
539 
948 
1183 
1199 
1403 
 
1.09 
0.75 
0.51 
0.56 
0.22 
0.01 
0.16 
 
102 
171 
215 
409 
235 
16 
203 
   Mean = 0.73 193 
 
Total Dry Biomass Filter paper Filter paper + Sample filtered Concentration 
138 
 
(g) sample (g) (mL) (g m
-3
) 
0.0928 0.0986 5 1160 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.4 5 63.2 45.7 31x 2141 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.190 
0.515 
1.052 
1.752 
1.776 
2.088 
2.164 
2.200 
2.272 
0.139 
0.415 
0.874 
1.552 
1.608 
1.860 
2.012 
2.028 
2.100 
96 
259 
529 
881 
894 
1050 
1089 
1107 
1143 
 
1.00 
0.71 
0.51 
0.01 
0.16 
0.04 
0.02 
0.03 
 
164 
270 
352 
12 
157 
38 
18 
36 
   Mean = 0.74 144 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0882 0.0943 5 1220 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.2 5 55.1 41.1 31x 1667 
 
Data Set L 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 400 µmol m
-2
 s
-1
 1.47 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.185 
0.296 
0.687 
1.368 
3.028 
3.320 
3.756 
3.452 
3.972 
0.157 
0.257 
0.586 
1.029 
2.732 
3.060 
3.468 
3.224 
3.728 
97 
155 
361 
718 
1590 
1743 
1972 
1812 
2085 
 
0.47 
0.84 
0.69 
0.79 
0.09 
0.12 
-0.08 
0.14 
 
58 
205 
358 
872 
153 
229 
-160 
273 
   Mean = 0.78 251 
139 
 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0900 0.0996 5 1920 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.7 5 37.7 22.6 31x 1690 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.112 
0.322 
0.750 
1.458 
2.352 
2.652 
2.700 
2.980 
0.093 
0.286 
0.650 
1.032 
2.160 
2.468 
2.516 
2.808 
59 
169 
394 
765 
1235 
1392 
1418 
1565 
 
1.06 
0.85 
0.66 
0.48 
0.12 
0.02 
0.10 
 
110 
225 
372 
469 
158 
25 
147 
   Mean = 0.86 215 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0891 0.0963 5 1440 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.5 5 38.2 24.3 31x 1715 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.189 
0.484 
1.348 
1.924 
1.960 
2.180 
2.184 
2.304 
2.368 
0.140 
0.389 
1.166 
1.780 
1.824 
2.012 
2.036 
2.156 
2.232 
99 
254 
708 
1010 
1029 
1145 
1147 
1210 
1243 
 
0.94 
1.02 
0.36 
0.02 
0.11 
0.00 
0.05 
0.03 
 
155 
454 
302 
19 
116 
2 
63 
34 
   Mean = 0.98 163 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
140 
 
0.0901 0.0966 5 1300 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.5 5 53.1 40.1 31x 1605 
 
Data Set M 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 600 µmol m
-2
 s
-1
 1.47 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.174 
0.464 
1.244 
1.838 
1.830 
1.864 
1.914 
1.960 
2.082 
0.155 
0.404 
1.063 
1.686 
1.698 
1.736 
1.782 
1.850 
1.944 
138 
369 
990 
1462 
1456 
1483 
1523 
1559 
1656 
 
0.98 
0.99 
0.39 
0.00 
0.02 
0.03 
0.02 
0.06 
 
231 
620 
473 
-6 
27 
40 
37 
97 
   Mean = 0.79 278 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0933 0.1022 5 1780 
 
Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
7.0 5 17.2 9.6 31x 773 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.174 
0.386 
1.005 
1.592 
1.672 
1.774 
1.748 
1.770 
1.784 
0.155 
0.335 
0.848 
1.448 
1.538 
1.640 
1.624 
1.640 
1.664 
138 
307 
799 
1266 
1330 
1411 
1390 
1408 
1419 
 
0.80 
0.96 
0.46 
0.05 
0.06 
-0.01 
0.01 
0.01 
 
169 
492 
467 
64 
81 
-21 
18 
11 
   Mean = 0.74 238 
141 
 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0924 0.0995 5 1420 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.0 5 16.5 8.3 31x 425 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.168 
0.622 
1.257 
1.868 
2.384 
2.476 
2.472 
2.460 
2.492 
0.132 
0.542 
1.050 
1.700 
2.244 
2.320 
2.320 
2.324 
2.344 
130 
482 
975 
1448 
1849 
1920 
1917 
1907 
1932 
 
1.31 
0.70 
0.40 
0.24 
0.04 
0.00 
0.00 
0.01 
 
352 
492 
474 
400 
71 
-3 
-9 
25 
   Mean = 0.80 225 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0909 0.0996 5 1740 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.0 5 25.8 19.0 31x 693 
 
Data Set N 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 800 µmol m
-2
 s
-1
 1.47 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.176 
0.248 
0.603 
1.224 
2.808 
2.944 
3.408 
3.332 
0.149 
0.216 
0.526 
0.955 
2.560 
2.744 
3.168 
3.12 
89 
125 
303 
616 
1413 
1481 
1715 
1676 
89 
125 
303 
616 
1413 
1481 
1715 
1676 
 
36 
179 
312 
797 
68 
233 
-38 
142 
 
8 3.604 3.384 1813 1813 137 
   Mean = 0.81 213 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0896 0.0981 5 1700 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.9 5 19.4 11.7 31x 888 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.105 
0.285 
0.666 
0.939 
1.968 
2.236 
2.332 
2.544 
0.086 
0.255 
0.586 
0.803 
1.824 
2.104 
2.188 
2.404 
53 
143 
335 
472 
990 
1125 
1173 
1280 
 
1.00 
0.85 
0.34 
0.74 
0.13 
0.04 
0.09 
 
91 
192 
137 
518 
135 
48 
107 
   Mean = 0.73 175 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0898 0.0968 5 1400 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.5 5 25.4 17.2 31x 1011 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.184 
0.313 
1.058 
2.012 
1.852 
2.200 
2.212 
2.132 
2.224 
0.137 
0.254 
0.912 
1.856 
1.756 
2.056 
2.088 
2.020 
2.100 
93 
157 
532 
1012 
932 
1107 
1113 
1073 
1119 
 
0.53 
1.22 
0.64 
-0.08 
0.17 
0.01 
-0.04 
0.04 
 
65 
375 
480 
-80 
175 
6 
-40 
46 
   Mean = 0.80 146 
 
143 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0899 0.0961 5 1240 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.7 5 30.2 24.3 31x 739 
 
Data Set O 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 1200 µmol m
-2
 s
-1
 1.47 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.174 
0.491 
1.259 
1.770 
1.804 
1.782 
1.786 
1.806 
1.902 
0.155 
0.424 
1.076 
1.634 
1.678 
1.658 
1.672 
1.734 
1.798 
138 
391 
1002 
1408 
1435 
1418 
1421 
1437 
1513 
 
1.04 
0.94 
0.34 
0.02 
-0.01 
0.00 
0.01 
0.05 
 
252 
611 
406 
27 
-18 
3 
16 
76 
   Mean = 0.77 251 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0903 0.0977 5 1480 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
6.8 5 15.5 7.6 31x 425 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.174 
0.472 
1.217 
1.722 
1.802 
1.788 
1.804 
1.868 
1.900 
0.155 
0.407 
1.030 
1.582 
1.666 
1.664 
1.686 
1.758 
1.804 
138 
375 
968 
1370 
1433 
1422 
1435 
1486 
1511 
 
1.00 
0.95 
0.35 
0.05 
-0.01 
0.01 
0.03 
0.02 
 
237 
593 
402 
64 
-11 
13 
51 
25 
144 
 
   Mean = 0.76 247 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0923 0.0995 5 1440 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.2 5 16.1 8.2 31x 395 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.168 
0.672 
1.387 
2.014 
2.420 
2.328 
2.412 
2.440 
2.344 
0.132 
0.585 
1.161 
1.842 
2.284 
2.216 
2.244 
2.320 
2.208 
130 
521 
1075 
1562 
1876 
1805 
1870 
1892 
1818 
 
1.39 
0.72 
0.37 
0.18 
-0.04 
0.04 
0.01 
-0.04 
 
391 
554 
486 
315 
-71 
65 
22 
-74 
   Mean = 0.83 211 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0901 0.0986 5 1700 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.1 5 14.2 10.7 31x 176 
 
Data Set P 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 180 µmol m
-2
 s
-1
 2.94 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
0.160 
0.286 
0.539 
0.990 
2.148 
2.412 
3.444 
0.136 
0.250 
0.454 
0.744 
1.704 
1.900 
2.760 
80 
144 
271 
498 
1081 
1213 
1733 
 
0.58 
0.63 
0.61 
0.77 
0.12 
0.36 
 
63 
127 
227 
583 
133 
519 
145 
 
7 
8 
3.624 
4.300 
2.960 
3.484 
1823 
2163 
0.05 
0.17 
91 
340 
   Mean = 0.67 260 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0904 0.0996 5 1840 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.2 5 197.3 113.1 31x 10025 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.108 
0.326 
0.718 
1.106 
2.188 
2.976 
3.240 
3.820 
0.088 
0.290 
0.608 
0.859 
1.752 
2.448 
2.696 
3.184 
54 
164 
361 
556 
1101 
1497 
1630 
1922 
 
1.10 
0.79 
0.43 
0.68 
0.31 
0.08 
0.16 
 
110 
197 
195 
544 
396 
133 
292 
   Mean = 0.75 267 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0904 0.0987 5 1660 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.6 5 199.2 123.3 31x 9480 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.186 
0.532 
1.098 
1.896 
2.372 
2.732 
3.120 
3.244 
3.272 
0.138 
0.429 
0.892 
1.604 
2.032 
2.360 
2.696 
2.824 
2.864 
107 
306 
631 
1090 
1363 
1570 
1793 
1864 
1880 
 
1.05 
0.72 
0.55 
0.22 
0.14 
0.13 
0.04 
0.01 
 
199 
325 
459 
274 
207 
223 
71 
16 
   Mean = 0.77 222 
146 
 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0892 0.0988 5 1920 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
9.0 5 240.1 129.0 31x 14527 
 
Data Set Q 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 400 µmol m
-2
 s
-1
 2.94 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.175 
0.278 
0.650 
1.297 
3.472 
4.424 
5.040 
4.748 
5.240 
0.148 
0.242 
0.553 
0.847 
2.824 
3.668 
4.204 
4.080 
3.604 
90 
143 
334 
665 
1781 
2270 
2586 
2436 
2689 
 
0.46 
0.85 
0.69 
0.98 
0.24 
0.13 
-0.06 
0.10 
 
53 
191 
332 
1116 
488 
316 
-150 
252 
   Mean = 0.84 325 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0913 0.1056 5 2860 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.9 5 82.4 50.4 31x 3671 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.113 
0.328 
0.752 
1.452 
2.940 
3.756 
3.876 
4.264 
0.091 
0.294 
0.648 
1.030 
2.476 
3.248 
3.392 
3.760 
58 
168 
386 
745 
1509 
1927 
1989 
2188 
 
1.07 
0.83 
0.66 
0.71 
0.24 
0.03 
0.10 
 
110 
218 
359 
763 
419 
62 
199 
147 
 
   Mean = 0.81 304 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0892 0.0994 5 2040 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.4 5 90.8 63.2 31x 3364 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.181 
0.497 
1.510 
2.860 
3.032 
3.408 
3.496 
3.512 
3.524 
0.133 
0.397 
1.196 
2.496 
2.708 
3.020 
3.148 
3.208 
3.228 
104 
286 
868 
1644 
1742 
1959 
2009 
2018 
2025 
 
1.01 
1.11 
0.64 
0.06 
0.12 
0.03 
0.00 
0.00 
 
182 
582 
776 
99 
216 
51 
9 
7 
   Mean = 1.06 240 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0903 0.1014 5 2220 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.3 5 110.4 78.6 31x 3829 
 
Data Set R 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 600 µmol m
-2
 s
-1
 2.94 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
0.178 
0.422 
1.035 
1.802 
1.956 
1.976 
2.042 
0.159 
0.372 
0.889 
1.548 
1.670 
1.776 
1.786 
119 
283 
694 
1208 
1311 
1325 
1369 
 
0.86 
0.90 
0.55 
0.08 
0.01 
0.03 
 
164 
411 
514 
103 
13 
44 
148 
 
7 
8 
2.078 
2.100 
1.830 
1.824 
1393 
1408 
0.02 
0.01 
24 
15 
   Mean = 0.77 299 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0929 0.1007 5 1560 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
6.8 5 48.1 26.3 31x 1160 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.178 
0.421 
1.061 
1.794 
1.948 
2.058 
2.066 
2.096 
2.122 
0.159 
0.372 
0.889 
1.548 
1.670 
1.776 
1.786 
1.85 
1.902 
119 
282 
711 
1203 
1306 
1380 
1385 
1405 
1423 
 
0.86 
0.92 
0.53 
0.08 
0.05 
0.00 
0.01 
0.01 
 
163 
429 
491 
103 
74 
5 
20 
17 
   Mean = 0.77 238 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0912 0.0996 5 1680 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.5 5 31.7 19.6 31x 583 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.166 
0.671 
1.550 
2.552 
3.396 
3.592 
3.760 
3.792 
3.648 
0.130 
0.577 
1.156 
2.138 
3.044 
3.240 
3.400 
3.452 
3.328 
111 
450 
1039 
1711 
2277 
2408 
2521 
2543 
2446 
 
1.40 
0.84 
0.50 
0.29 
0.06 
0.05 
0.01 
-0.04 
 
339 
589 
672 
566 
131 
113 
21 
-97 
149 
 
   Mean = 0.91 402 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0913 0.1041 5 2560 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.4 5 65.2 45.2 31x 981 
 
Data Set S 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 800 µmol m
-2
 s
-1
 2.94 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.173 
0.271 
0.627 
1.266 
3.468 
4.608 
4.672 
5.128 
5.564 
0.147 
0.236 
0.547 
0.969 
2.900 
3.932 
4.088 
4.528 
4.932 
99 
156 
360 
728 
1993 
2648 
2685 
2947 
3198 
 
0.45 
0.84 
0.70 
1.01 
0.28 
0.01 
0.09 
0.08 
 
56 
205 
367 
1265 
655 
37 
262 
251 
   Mean = 0.85 387 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0908 0.1057 5 2980 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.2 5 58.5 33.7 31x 2951 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
0.109 
0.308 
0.667 
1.176 
2.948 
3.660 
3.820 
0.089 
0.274 
0.581 
0.929 
2.564 
3.28 
3.46 
63 
177 
383 
676 
1694 
2103 
2195 
 
1.04 
0.77 
0.57 
0.92 
0.22 
0.04 
 
114 
206 
293 
1018 
409 
92 
150 
 
7 4.196 3.884 2411 0.09 216 
   Mean = 0.82 336 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0908 0.1032 5 2480 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
8.7 5 56.1 32.6 31x 2973 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.188 
0.318 
1.052 
2.408 
2.948 
3.072 
3.436 
3.368 
3.596 
0.139 
0.254 
0.844 
2.092 
2.636 
2.800 
3.140 
3.152 
3.356 
108 
183 
605 
1384 
1694 
1765 
1975 
1936 
2067 
 
0.53 
1.20 
0.83 
0.20 
0.04 
0.11 
-0.02 
0.07 
 
75 
422 
779 
310 
71 
209 
-39 
131 
   Mean = 0.85 245 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0895 0.1000 5 2100 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
9.1 5 65.3 43.9 31x 2825 
 
Data Set T 
Condition: Initial Scalar Irradiance Nitrogen Level Aeration Level 
 1200 µmol m
-2
 s
-1
 2.94 mM N  Yes, 0.47 L min
-1
 
 
Replicate 1 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
0.178 
0.184 
0.709 
1.870 
2.288 
2.404 
0.159 
0.156 
0.614 
1.556 
1.948 
2.082 
144 
149 
575 
1518 
1857 
1951 
 
0.03 
1.35 
0.97 
0.20 
0.05 
 
5 
426 
942 
339 
94 
151 
 
6 
7 
8 
2.452 
2.478 
2.500 
2.156 
2.204 
2.246 
1990 
2011 
2029 
0.02 
0.01 
0.01 
39 
21 
18 
   Mean = 0.84 350 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0939 0.1048 5 2180 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.0 5 58.9 31.6 31x 1419 
 
Replicate 2 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
8 
0.178 
0.458 
1.387 
2.324 
2.416 
2.486 
2.578 
2.628 
2.670 
0.159 
0.397 
1.068 
1.996 
2.112 
2.204 
2.306 
2.410 
2.434 
144 
372 
1126 
1886 
1961 
2018 
2092 
2133 
2167 
 
0.95 
1.11 
0.52 
0.04 
0.03 
0.04 
0.02 
0.02 
 
227 
754 
760 
75 
57 
75 
41 
34 
   Mean = 0.86 378 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0909 0.1031 5 2440 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.0 5 36.4 19.7 31x 866 
 
Replicate 3 
Day 
Optical Density at Estimated 
conc. (g m
-3
) 
Net specific. 
growth rate, 
U (d-1) 
Productivity 
(g m
-3
d
-1
) 664 nm 750 nm 
0 
1 
2 
3 
4 
5 
6 
7 
0.166 
0.708 
1.609 
2.490 
3.224 
3.384 
3.492 
3.744 
0.180 
0.608 
1.166 
2.086 
2.912 
3.072 
3.276 
3.440 
111 
475 
1079 
1670 
2162 
2269 
2341 
2510 
 
1.45 
0.82 
0.44 
0.26 
0.05 
0.03 
0.07 
 
363 
604 
591 
492 
107 
72 
169 
152 
 
8 3.796 3.464 2545 0.01 35 
   Mean = 0.90 372 
 
Total Dry Biomass 
Filter paper 
(g) 
Filter paper + 
sample (g) 
Sample filtered 
(mL) 
Concentration 
(g m
-3
) 
0.0917 0.1046 5 2580 
 
Chlorophyll-a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a Conc. 
(mg m
-3
) 
7.5 5 77.2 47.0 31x 1460 
 
Biomass Yield on Light Energy and Photosynthetic Efficiency Calculation 
 
In this part, the data for the biomass yield on light energy and photosynthetic calculation 
was presented. The biomass yield on light energy (Ydw,E, g(mol photon)
-1
) was calculated 
following the equation: 
A
V
PFD
P
Y
d
dw
Edw ,  
with Pdw= biomass productivity (g m
-3
 d
-1
) 
PFDd= daily irradiance (mol m
-2
 d
-1
), converted from the initial scalar irradiance (µmol 
m
-2
 s
-1
) by multiplying the initial scalar irradiance with the factor of  
       
   
 
    
        
 
V/A= volume to surface area ratio, for V= 0.001 m
-3
 in a 2-L Erlenmeyer flask, the 
surface area is A= 0.044 m
2
, thus V/A= 0.023 m
3
/m
2
 
 
The photosynthetic efficiency (PE, %) was calculated following the equation: 
%100, 
E
C
YPE BEdw  
with Ydw,E= biomass yield on light energy (g(mol photon)
-1
) 
 CB= caloric content of the sample, which is 21.32 kJ g
-1
 for the Louisiana co-culture 
 E= conversion factor from scalar irradiance, which is 201 kJ (mol photon)
-1
 for HPS 
lamps in the 400-700 as reported by Thimijan (1983).  
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With No Aeration Treatment 
Nitrogen 
(mM) 
Irradiance 
(µmol m
-2
 s
-1
) 
PFDd 
(mol m
-2
 d
-1
) 
Pdw (g m
-3
 d
-1
) 
Ydw,E (g (mol 
photon)
-1
) 
Photosynthetic 
Efficiency (%) 
 
 
1.47 
180 
400 
600 
800 
1200 
15.55 
34.56 
51.84 
69.12 
103.68 
39 
37 
39 
31 
32 
0.05 
0.02 
0.01 
0.01 
0.01 
0.56 
0.24 
0.16 
0.11 
0.07 
 
 
2.94 
180 
400 
600 
800 
1200 
15.55 
34.56 
51.84 
69.12 
103.68 
56 
55 
59 
53 
36 
0.09 
0.04 
0.02 
0.02 
0.01 
0.99 
0.41 
0.21 
0.19 
0.08 
 
With Continuous Aeration (0.47 L min
-1
) Treatment 
Nitrogen 
(mM) 
Irradiance 
(µmol m
-2
 s
-1
) 
PFDd 
(mol m
-2
 d
-1
) 
Pdw (g m
-3
 d
-1
) 
Ydw,E (g (mol 
photon)
-1
) 
Photosynthetic 
Efficiency (%) 
 
 
1.47 
180 
400 
600 
800 
1200 
15.55 
34.56 
51.84 
69.12 
103.68 
198 
210 
247 
178 
189 
0.29 
0.14 
0.11 
0.06 
0.04 
3.06 
1.46 
1.15 
0.62 
0.44 
 
 
2.94 
180 
400 
600 
800 
1200 
15.55 
34.56 
51.84 
69.12 
103.68 
250 
290 
296 
323 
305 
0.36 
0.19 
0.13 
0.11 
0.07 
3.87 
2.02 
1.37 
1.12 
0.71 
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APPENDIX B: DATA FROM THE MIXOTROPHIC GROWTH OF LOUISIANA 
NATIVE CO-CULTURE STUDY 
This study was performed to determine the impact of organic carbon addition towards the 
growth rate and biomass productivity of a Louisiana native co-culture. In this appendix, there are 
8 data sets for each treatment combination that presents the biomass concentration, net specific 
growth rate, biomass productivity, and chemical oxygen demand (COD) consumption which 
were taken every other day. The treatment levels are: 
Light Condition = Light (initial scalar irradiance= 400 µmol m
-2
 s
-1
) and Dark 
Organic Carbon = None, Dextrose, and Sodium Acetate 
Organic C:N Ratio = n/a, 15:1, 30:1 
 
The specific growth rate (µ, d
-1
) was calculated from the equation: 
)(
)/ln(
1
1




nn
nn
tt
XX
  
with Xn= biomass concentration at day n (g m
-3
) and tn= day n. The net specific growth rate (U, 
d
-1
) is equal to µ as the decay rate is assumed negligible. 
 
The biomass productivity (Pdw, g m
-3
 d
-1
) was calculated from the equation: 
1
1





nn
nn
dw
tt
XX
P  
 
The COD values were determined according to Standard Method 5220 (APHA 2001b) as 
described in text (Page 65). 
 
The second table presents the data for chlorophyll-a concentration (Chl-a, mg m
-3
) which 
was calculated from the equation: 
dilution
RaRb
RaRb
Vs
Ve
RaRbaChl 


)1/(
/
)(  
with Rb= fluorometer reading before acidification (mg m
-3
), Ra= fluorometer reading after 
acidification (mg m
-3
), Vs= filtered sample volume (mL), Ve= extracted sample volume (mL), 
Rb/Ra= the chlorophyll-a standard equipment factor, in this case= 1.745 
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Data Set A 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Light None  n/a 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
120 
180 
340 
420 
820 
1100 
1360 
1700 
 
0.20 
0.32 
0.11 
0.33 
0.15 
0.11 
0.11 
 
30 
80 
40 
200 
140 
130 
170 
0 
6 
36 
42 
86 
144 
204 
234 
 Mean = 0.24 113  
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
110 
160 
200 
440 
580 
760 
980 
1220 
1360 
1240 
1860 
2060 
2040 
 
0.19 
0.11 
0.39 
0.14 
0.14 
0.13 
0.11 
0.05 
-0.05 
0.20 
0.05 
0.00 
 
25 
20 
120 
70 
90 
110 
120 
70 
-60 
310 
100 
-10 
52 
22 
22 
40 
48 
92 
146 
210 
248 
302 
316 
398 
390 
 Mean = 0.21 104  
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
100 
80 
160 
200 
240 
240 
420 
700 
 
-0.11 
0.35 
0.11 
0.09 
0.00 
0.28 
0.26 
 
-10 
40 
20 
20 
0 
90 
140 
9 
8 
60 
14 
17 
35 
32 
35 
156 
 
16 
18 
20 
22 
820 
860 
980 
1000 
0.08 
0.02 
0.07 
0.01 
60 
20 
60 
10 
75 
102 
126 
145 
 Mean = 0.25 56  
 
Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
1 
2 
3 
8.4 
8.4 
7.4 
5 
10 
10 
60.3 
189.6 
74.8 
38 
106.1 
41.3 
30x 
15x 
31x 
2493 
2466 
1801 
 
Data Set B 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Dark None  n/a 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
110 
160 
160 
160 
160 
160 
 
0.19 
0.00 
0.00 
0.00 
0.00 
 
25 
0 
0 
0 
0 
8 
16 
36 
46 
24 
30 
 Mean =    
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
90 
100 
80 
80 
120 
120 
120 
 
0.05 
-0.11 
0.00 
0.20 
0.00 
0.00 
 
5 
-10 
0 
20 
0 
0 
32 
42 
30 
34 
46 
62 
46 
 Mean =    
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
100 
140 
140 
 
0.17 
0.00 
 
20 
0 
32 
36 
42 
157 
 
6 
8 
10 
12 
120 
140 
140 
140 
-0.08 
0.08 
0.00 
0.00 
-10 
10 
0 
0 
46 
38 
46 
50 
 Mean =    
 
Data Set C 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Light Dextrose 15:1 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
110 
700 
780 
900 
1080 
1240 
1360 
1260 
 
0.93 
0.05 
0.07 
0.09 
0.07 
0.05 
-0.04 
 
295 
40 
60 
90 
80 
60 
-50 
1440 
60 
102 
166 
252 
380 
440 
458 
 Mean = 0.93 104  
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
100 
800 
900 
1100 
1260 
1400 
1300 
1280 
 
1.04 
0.06 
0.10 
0.07 
0.05 
-0.04 
-0.01 
 
350 
50 
100 
80 
70 
-50 
-10 
1476 
70 
64 
150 
202 
340 
400 
436 
 Mean = 1.04 130  
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
110 
740 
900 
1000 
1120 
1320 
1360 
 
0.95 
0.10 
0.05 
0.06 
0.08 
0.01 
 
315 
80 
50 
60 
100 
20 
1460 
66 
60 
136 
190 
270 
378 
158 
 
14 1340 -0.01 -10 420 
 Mean = 0.95 104  
 
Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
1 
2 
3 
8.0 
7.5 
8.2 
5 
5 
5 
93.8 
110.4 
104.3 
53.0 
55.4 
49.2 
1x 
1x 
1x 
153 
193 
211 
 
Data Set D 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Dark Dextrose 15:1 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
120 
400 
560 
480 
480 
420 
 
0.60 
0.17 
-0.08 
0.00 
0.07 
 
140 
80 
-40 
0 
-30 
1380 
648 
134 
150 
192 
224 
 Mean = 0.60 110  
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
110 
420 
460 
400 
400 
400 
380 
 
0.67 
0.05 
-0.07 
0.00 
0.00 
-0.03 
 
155 
20 
-30 
0 
0 
-10 
1400 
590 
160 
170 
196 
210 
232 
 Mean = 0.67 88  
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
110 
440 
540 
600 
560 
560 
 
0.69 
0.10 
0.05 
-0.03 
0.00 
 
165 
50 
30 
-20 
0 
1420 
610 
174 
160 
170 
198 
159 
 
12 500 -0.06 -30 220 
 Mean = 0.69 82  
 
Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
1 
2 
3 
7.2 
8.2 
6.9 
5 
5 
5 
179.4 
163.2 
180.4 
101.7 
111.5 
105.4 
30x 
30x 
30x 
7865 
5968 
7273 
 
Data Set E 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Light Sodium Acetate 15:1 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
100 
400 
700 
860 
1240 
1440 
1580 
1900 
 
0.69 
0.28 
0.10 
0.18 
0.07 
0.05 
0.09 
 
150 
150 
80 
190 
100 
70 
160 
1284 
1292 
1234 
1278 
1230 
1002 
818 
642 
 Mean = 0.69 129  
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
24 
100 
460 
820 
1300 
1580 
1820 
2040 
1920 
2380 
1240 
2740 
2960 
3140 
 
0.76 
0.29 
0.23 
0.10 
0.07 
0.06 
-0.03 
0.11 
-0.33 
0.40 
0.04 
0.03 
 
180 
180 
240 
140 
120 
110 
-60 
230 
-570 
750 
110 
90 
1476 
1292 
1058 
566 
300 
318 
326 
372 
426 
480 
482 
548 
562 
 Mean = 0.76 156  
 
 
160 
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
90 
280 
460 
600 
920 
1140 
1200 
1580 
1560 
1540 
1620 
1300 
 
0.57 
0.25 
0.13 
0.21 
0.11 
0.03 
0.14 
-0.01 
-0.01 
0.03 
-0.11 
 
95 
90 
70 
160 
110 
30 
190 
-10 
-10 
40 
-160 
1380 
1256 
1172 
1090 
926 
756 
440 
324 
388 
448 
420 
424 
 Mean = 0.57 119  
 
Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
1 
2 
3 
7.8 
5.0 
7.2 
5 
5 
5 
234.2 
77.3 
12.3 
128.0 
43.0 
8.2 
10x 
31x 
31x 
3882 
1768 
435 
 
Data Set F 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Dark Sodium Acetate 15:1 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
140 
340 
460 
480 
560 
400 
 
0.44 
0.15 
0.02 
0.08 
-0.17 
 
100 
60 
10 
40 
-80 
1284 
570 
78 
72 
92 
72 
 Mean = 0.44 67  
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
110 
300 
320 
340 
 
0.50 
0.03 
0.03 
 
95 
10 
10 
1508 
450 
168 
156 
161 
 
8 
10 
12 
14 
16 
220 
200 
480 
400 
260 
-0.22 
-0.05 
0.17 
0.18 
-0.22 
-60 
-10 
40 
60 
-70 
154 
182 
168 
142 
150 
 Mean = 0.50 65  
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
90 
340 
400 
520 
460 
580 
520 
620 
520 
500 
 
0.66 
0.08 
0.13 
-0.06 
0.12 
-0.05 
0.09 
-0.09 
-0.02 
 
125 
30 
60 
-30 
60 
-30 
50 
-50 
-10 
1384 
608 
60 
96 
118 
150 
102 
122 
126 
136 
 Mean = 0.66 65  
 
Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
1 
2 
3 
8.7 
5.1 
4.8 
5 
5 
5 
135.3 
95.6 
140.0 
73.6 
55.6 
88.6 
15x 
31x 
61x 
3773 
2961 
7046 
 
Data Set G 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Light Sodium Acetate 30:1 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
160 
440 
580 
680 
1120 
1480 
1640 
1940 
1660 
1660 
 
0.51 
0.14 
0.08 
0.25 
0.14 
0.05 
0.08 
-0.08 
0.00 
 
140 
70 
50 
220 
180 
80 
150 
-140 
0 
2964 
2784 
2716 
2728 
1740 
1144 
898 
798 
556 
466 
162 
 
20 1640 -0.01 -10 448 
 Mean = 0.51 127  
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
90 
260 
300 
520 
1120 
1320 
1240 
1560 
1480 
1800 
1820 
1480 
 
0.53 
0.07 
0.28 
0.38 
0.08 
-0.03 
0.11 
-0.03 
0.10 
0.01 
-0.10 
 
85 
20 
110 
300 
100 
-40 
160 
-40 
160 
10 
-170 
2784 
2676 
2552 
2170 
1786 
1658 
1528 
1378 
1272 
1082 
914 
 Mean = 0.53 136  
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
20 
22 
70 
260 
240 
520 
1120 
1440 
1680 
1840 
1780 
1780 
1660 
1480 
 
0.66 
-0.04 
0.39 
0.38 
0.13 
0.08 
0.05 
-0.02 
0.00 
-0.03 
-0.06 
 
95 
-10 
140 
300 
160 
120 
80 
-30 
0 
-60 
-90 
2632 
2624 
2616 
2410 
1792 
1494 
1268 
1068 
776 
554 
538 
512 
 Mean = 0.66 148  
 
Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
1 
2 
3 
6.7 
4.1 
3.6 
5 
5 
5 
52.2 
18.1 
15.8 
33.3 
11.7 
9.3 
31x 
31x 
31x 
1840 
382 
339 
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Data Set H 
Condition: Light Condition Organic Carbon Organic C:N Ratio 
 Dark Sodium Acetate 30:1 
 
Replicate 1 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
190 
220 
380 
420 
480 
440 
420 
400 
 
0.07 
0.27 
0.05 
0.07 
-0.04 
-0.02 
-0.02 
 
15 
80 
20 
30 
-20 
-10 
-10 
2960 
1688 
240 
260 
230 
234 
230 
230 
 Mean = 0.27 36  
 
Replicate 2 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
16 
18 
110 
280 
860 
1040 
760 
1040 
1080 
860 
800 
440 
 
0.47 
0.56 
0.10 
-0.16 
0.16 
0.02 
-0.11 
-0.04 
-0.30 
 
85 
290 
90 
-140 
140 
20 
-110 
-30 
-180 
2656 
2116 
792 
184 
164 
202 
182 
150 
176 
164 
 Mean = 0.51 125  
 
Replicate 3 
Day 
Biomass Conc. 
(g m
-3
) 
Net specific 
growth rate, U (d
-1
) 
Productivity 
(g m
-3
 d
-1
) 
COD (g m
-3
) 
0 
2 
4 
6 
8 
10 
12 
14 
120 
180 
300 
380 
480 
500 
500 
480 
 
0.20 
0.26 
0.12 
0.12 
0.02 
0.00 
-0.02 
 
30 
60 
40 
50 
10 
0 
-10 
2992 
1728 
292 
272 
210 
220 
236 
224 
 Mean = 0.23 38  
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Chlorophyll-
a 
Ve (mL) Vs (mL) Rb Ra Dilution 
Chl- a 
Conc. 
(mg m
-3
) 
1 
2 
3 
7.1 
5.5 
7.5 
5 
5 
5 
91.0 
89.2 
87.2 
52.9 
52.0 
53.3 
31x 
31x 
31x 
3931 
2974 
3692 
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Neutral Lipid Content and Productivity Data 
 
In this part, the data for the neutral lipid content and productivity calculation was 
presented. The neutral lipid content (%) was calculated following the equation: 
                       
                            (    )
                      (    )
      
 
The neutral lipid concentration (g m
-3
) was calculated following the equation: 
                     
(                   )  (            )
                 (  )
 
     
    
 
 
The neutral lipid productivity (g m
-3
 d
-1
) was calculated by multiplying the neutral lipid 
productivity (%) with the biomass productivity (g m
-3
 d
-1
). 
 
Condition  
Glass Tube 
(gram) 
Glass Tube 
+Sample 
(gram) 
Volume 
Extracted 
(mL) 
Neutral 
Lipid 
Content 
(%) 
Neutral 
Lipid 
Productivity 
(g m
-3
 d
-1
) 
Control, Light 
 
1 
2 
3 
5.2801 
5.1999 
5.2501 
5.2930 
5.2185 
5.2894 
100 
100 
100 
7.6 
9.1 
9.3 
8.6 
9.4 
5.2 
+Dextrose 15:1, Light 
 
1 
2 
3 
5.2394 
5.2314 
5.2121 
5.2502 
5.2423 
5.2240 
100 
100 
100 
8.6 
8.5 
8.9 
9.0 
11.1 
9.3 
+Dextrose 15:1, Dark 
 
1 
2 
3 
5.1980 
5.2239 
5.2460 
5.2017 
5.2273 
5.2504 
100 
100 
100 
8.7 
8.9 
8.7 
9.6 
7.8 
7.1 
+Sodium Acetate 
15:1, Light 
1 
2 
3 
5.3510 
5.2089 
5.2983 
5.3936 
5.2538 
5.3203 
100 
100 
100 
20.7 
14.3 
19.6 
26.6 
22.2 
23.4 
+Sodium Acetate 
15:1, Dark 
1 
2 
3 
5.3010 
5.3469 
5.3545 
5.3095 
5.3551 
5.3630 
100 
100 
100 
21.3 
20.5 
17.0 
14.2 
13.3 
11.1 
+Sodium Acetate 
30:1, Light 
1 
2 
3 
5.2347 
5.2889 
5.2514 
5.2502 
5.3093 
5.2726 
100 
100 
100 
9.5 
15.6 
14.3 
12.1 
20.8 
21.1 
+Sodium Acetate 
30:1, Dark 
1 
2 
3 
5.2899 
5.2904 
5.3104 
5.2963 
5.2972 
5.3151 
100 
100 
100 
16.0 
14.1 
10.7 
5.8 
17.6 
4.1 
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APPENDIX C: DATA FROM THE HISTAR STUDY 
This appendix presents the data from the experimental HISTAR run. There are 6 data sets 
presented which consists of daily measurements of temperature, pH, dissolved oxygen, NO3-N, 
PO4-P, optical density, conductivity, cell count, and centrifuge harvest weight. The 6 data sets 
are: 
Data Set A = HISTAR run with fixed Qtb rate at 0.16 L min
-1
 and Qf rate at 0.55 L min
-1
 
Data Set B = HISTAR run with fixed Qtb rate at 0.16 L min
-1
 and Qf rate at 0.75 L min
-1
 
Data Set C = HISTAR run with fixed Qtb rate at 0.16 L min
-1
 and Qf rate at 1.00 L min
-1
 
Data Set D = HISTAR run I with controlled Qtb and Qf rate at 1.00 L min
-1
 
Data Set E = HISTAR run II with controlled Qtb and Qf rate at 1.00 L min
-1
 
Data Set F = Culture recirculation in CFSTRs with an approximate rate of 1.90 L min
-1
 
 
The daily measurements for culture in T1, T2, and each CFSTR: 
Temperature (ºC) and pH was measured using the Orion 266 handheld service. 
 
Dissolved oxygen (DO¸mg L
-1
) was measured using the HACH sensION6 handheld 
device. 
 
The nitrate as N (NO3-N, mg L
-1
) and phosphate as N (PO4-P, mg L
-1
) concentrations 
were measured according to Standard Method 4110 (Determination of Anions by Ion 
Chromatography) using Dionex IC25. 
 
The optical density at wavelength λ=664 nm was measured using the HACH DR/4000 
UV/Vis Spectrophotometer. 
 
Conductivity (µsiemens cm
-1
) was measured using the HACH sensION5 handheld 
device. 
 
The cell count was measured using BD Accuri™ C6 flow cytometer. 
 
The culture wet paste in the centrifuge was harvested daily. The wet paste harvested 
represents the amount that is able to be physically removed from the centrifuge bowl. The 
approximate dry wet paste has an approximate dry content of 20% w/w. 
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Data Set A: HISTAR Run With Fixed Qtb Rate, Qf = 0.55 L min
-1
 
 
Day 0 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.1 
9.53 
6.91 
 
 
0.466 
768 
2876 
25.5 
9.30 
5.65 
 
 
0.292 
623 
1859 
24.3 
8.73 
7.65 
24.0 
4.9 
0.047 
617 
316 
23.2 
9.23 
7.80 
 
 
0.099 
654 
24.3 
9.25 
7.53 
 
 
0.128 
710 
23.9 
8.97 
7.21 
21.6 
3.6 
0.150 
736 
726 
23.9 
8.80 
6.99 
 
 
0.152 
760 
 
24.1 
8.58 
7.16 
 
 
0.207 
770 
23.7 
8.41 
7.29 
 
 
0.176 
777 
23.9 
8.45 
7.02 
22.5 
5.0 
0.246 
796 
1204 
Centrifuge Harvest Weight =  gram 
 
Day 1 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.7 
8.87 
7.43 
4.8 
1.8 
0.320 
713 
2067 
25.3 
9.09 
8.54 
4.6 
n.a. 
0.348 
561 
2164 
24.5 
8.83 
8.02 
21.7 
3.6 
0.088 
578 
836 
24.3 
9.02 
7.82 
 
 
0.111 
591 
 
24.1 
9.14 
7.50 
 
 
0.124 
633 
24.1 
9.26 
7.86 
23.4 
3.6 
0.138 
637 
828 
24.1 
9.20 
7.55 
 
 
0.152 
670 
23.8 
9.02 
7.56 
 
 
0.153 
744 
23.3 
8.85 
7.97 
 
 
0.167 
762 
23.9 
8.72 
7.46 
22.3 
3.9 
0.197 
760 
985 
Centrifuge Harvest Weight = 421 gram 
 
Day 2 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
 25.3 
8.85 
6.37 
5.5 
1.2 
25.0 
8.76 
7.81 
19.0 
3.9 
25.0 
8.87 
7.56 
 
 
24.9 
9.03 
7.34 
 
 
24.7 
9.09 
7.60 
19.5 
3.7 
24.7 
8.94 
7.57 
 
 
24.6 
8.64 
7.01 
 
 
23.9 
8.42 
7.21 
 
 
24.5 
8.35 
7.40 
22.7 
4.5 
168 
 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
0.192 
610 
1469 
0.093 
653 
882 
0.159 
660 
1446 
0.176 
671 
1716 
0.177 
678 
1587 
0.177 
698 
1560 
0.159 
725 
1266 
0.154 
745 
1045 
0.157 
788 
950 
Centrifuge Harvest Weight = 286 gram 
 
Day 3 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.6 
8.92 
8.80 
 
 
0.121 
584 
1626 
25.8 
8.88 
8.40 
 
 
0.241 
582 
1911 
25.3 
8.71 
8.02 
14.8 
3.4 
0.083 
629 
672 
24.9 
8.95 
8.03 
 
 
0.126 
625 
1056 
25.0 
9.06 
7.69 
 
 
0.170 
643 
1397 
24.9 
9.02 
7.45 
22.8 
4.3 
0.195 
651 
1153 
24.9 
8.97 
7.42 
 
 
0.218 
662 
1658 
25.0 
8.81 
7.39 
 
 
0.205 
672 
1684 
24.4 
8.56 
7.35 
 
 
0.197 
678 
1411 
24.7 
8.40 
7.39 
18.8 
3.7 
0.185 
705 
1165 
Centrifuge Harvest Weight = 227 gram 
 
Day 4 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.4 
9.20 
6.93 
 
 
0.153 
577 
2323 
26.6 
8.58 
5.61 
 
 
0.159 
587 
1018 
25.0 
8.80 
7.95 
14.8 
3.0 
0.067 
644 
375 
24.5 
9.02 
8.32 
 
 
0.104 
651 
624 
24.7 
9.19 
7.95 
 
 
0.144 
643 
809 
24.5 
9.20 
7.87 
13.9 
3.5 
0.169 
632 
1198 
24.7 
9.14 
7.20 
 
 
0.185 
630 
1266 
24.7 
8.99 
7.63 
 
 
0.190 
631 
1349 
24.0 
8.76 
7.73 
 
 
0.197 
626 
1289 
24.4 
7.67 
7.67 
17.1 
4.0 
0.179 
649 
1089 
Centrifuge Harvest Weight = 297 gram 
 
Day 5 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
26.3 
8.71 
 24.3 
8.82 
23.7 
9.14 
23.7 
9.27 
23.4 
9.19 
23.5 
9.11 
23.7 
9.01 
23.0 
8.82 
23.3 
8.62 
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DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
8.04 
 
 
0.186 
488 
7.46 
 
 
0.072 
469 
7.84 
 
 
0.093 
501 
7.80 
 
 
0.114 
524 
7.58 
 
 
0.147 
584 
7.69 
 
 
0.173 
588 
7.58 
 
 
0.196 
555 
7.63 
 
 
0.205 
553 
7.42 
 
 
0.198 
555 
Centrifuge Harvest Weight = 286 gram 
 
Day 6 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
25.8 
9.34 
8.81 
 
 
0.233 
469 
2516 
24.7 
9.02 
9.60 
 
 
0.171 
416 
1523 
24.5 
8.87 
8.17 
8.5 
4.2 
0.075 
417 
658 
23.8 
8.97 
8.50 
 
 
0.098 
471 
699 
23.8 
9.09 
8.08 
 
 
0.117 
496 
751 
23.6 
9.20 
8.27 
9.0 
2.6 
0.147 
511 
855 
23.6 
8.99 
8.05 
 
 
0.176 
486 
959 
23.7 
8.85 
7.95 
 
 
0.195 
542 
1148 
23.1 
8.74 
8.39 
 
 
0.206 
539 
1331 
23.3 
8.65 
7.95 
12.3 
2.4 
0.224 
515 
1400 
Centrifuge Harvest Weight = 353 gram 
 
Day 7 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
25.7 
8.80 
7.30 
5.2 
2.3 
0.312 
509 
3365 
25.3 
8.54 
7.26 
7.7 
2.9 
0.267 
534 
3826 
24.8 
8.70 
7.74 
7.3 
3.6 
0.066 
525 
579 
24.3 
8.80 
7.81 
7.2 
2.9 
0.084 
493 
24.4 
8.85 
7.46 
8.0 
3.0 
0.078 
486 
24.3 
8.95 
7.69 
8.5 
3.3 
0.101 
534 
678 
24.3 
8.82 
7.96 
8.6 
2.4 
0.112 
548 
24.1 
8.79 
7.83 
9.4 
2.0 
0.152 
521 
23.5 
8.79 
8.04 
9.4 
2.3 
0.191 
527 
24.0 
8.77 
8.23 
11.1 
3.6 
0.205 
564 
1356 
Centrifuge Harvest Weight = 451 gram 
 
Day 8 
170 
 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.6 
8.78 
7.64 
 
 
0.155 
531 
25.9 
8.48 
8.51 
 
 
0.251 
557 
25.2 
8.29 
7.50 
8.0 
3.3 
0.058 
499 
24.8 
8.34 
7.43 
 
 
0.061 
520 
25.0 
8.12 
6.93 
 
 
0.071 
535 
24.8 
8.12 
7.26 
6.2 
2.7 
0.068 
535 
24.9 
8.13 
7.19 
 
 
0.091 
538 
24.9 
8.20 
7.29 
 
 
0.096 
548 
24.3 
8.32 
7.62 
 
 
0.118 
554 
24.5 
8.39 
7.27 
7.2 
2.8 
0.154 
570 
Centrifuge Harvest Weight = 334 gram 
 
Data Set B: HISTAR Run With Fixed Qtb Rate, Qf = 0.75 L min
-1
 
 
Day 0 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.9 
8.00 
7.14 
 
 
0.243 
558 
25.3 
6.87 
8.45 
 
 
0.287 
575 
25.2 
8.79 
7.77 
7.7 
2.7 
0.071 
606 
24.8 
8.80 
7.71 
 
 
0.090 
595 
25.1 
8.76 
7.32 
 
 
0.090 
580 
25.0 
8.72 
7.60 
7.0 
2.4 
0.098 
568 
25.1 
8.67 
7.66 
 
 
0.099 
575 
25.1 
8.54 
7.32 
 
 
0.111 
579 
24.6 
8.46 
7.42 
 
 
0.122 
570 
24.7 
8.47 
7.27 
6.9 
2.1 
0.098 
574 
Centrifuge Harvest Weight = 233 gram 
 
Day 1 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
26.4 
8.22 
7.66 
 
 
0.242 
25.8 
7.99 
7.34 
 
 
0.247 
25.6 
8.78 
7.60 
7.1 
3.4 
0.063 
24.9 
8.81 
7.60 
 
 
0.091 
25.0 
8.93 
7.59 
 
 
0.120 
24.8 
9.01 
7.30 
6.5 
2.0 
0.147 
25.0 
8.90 
7.20 
 
 
0.131 
25.0 
8.76 
7.23 
 
 
0.116 
24.4 
8.71 
7.46 
 
 
0.109 
24.6 
8.69 
7.07 
5.7 
n.a. 
0.159 
171 
 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
561 558 601 576 586 594 600 601 596 602 
Centrifuge Harvest Weight = 306 gram 
 
Day 2 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.7 
7.91 
7.77 
3.4 
n.a. 
0.262 
593 
2490 
25.8 
8.39 
9.08 
5.1 
n.a. 
0.225 
596 
3425 
25.5 
8.66 
7.57 
7.9 
3.1 
0.043 
625 
424 
25.1 
8.72 
7.81 
7.3 
1.9 
0.057 
628 
429 
25.2 
8.88 
7.69 
7.5 
2.3 
0.080 
615 
529 
25.1 
8.78 
7.96 
7.2 
3.0 
0.114 
587 
740 
25.1 
8.53 
7.45 
7.1 
2.6 
0.126 
585 
1002 
25.1 
8.54 
7.41 
7.0 
2.6 
0.135 
581 
1284 
24.5 
8.43 
7.73 
6.9 
2.6 
0.140 
584 
1252 
24.9 
8.36 
7.49 
6.6 
2.3 
0.148 
594 
1179 
Centrifuge Harvest Weight = 436 gram 
 
Day 3 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.3 
8.26 
7.90 
 
 
0.242 
595 
25.3 
8.34 
7.08 
 
 
0.258 
607 
25.1 
8.71 
7.67 
 
 
0.054 
553 
24.8 
8.74 
7.73 
 
 
0.068 
556 
24.9 
8.94 
7.74 
 
 
0.089 
579 
24.7 
9.02 
7.74 
 
 
0.098 
595 
24.9 
8.75 
7.66 
 
 
0.110 
602 
24.9 
8.57 
7.47 
 
 
0.123 
601 
24.1 
8.53 
7.60 
 
 
0.133 
594 
24.6 
8.50 
7.63 
 
 
0.132 
597 
Centrifuge Harvest Weight = 514 gram 
 
Day 4 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
25.7 
8.26 
6.57 
24.6 
8.64 
9.25 
24.2 
8.74 
7.75 
23.7 
8.75 
7.66 
23.7 
9.00 
7.97 
23.6 
8.92 
7.81 
23.7 
8.62 
7.67 
23.8 
8.53 
7.51 
23.4 
8.33 
7.56 
23.4 
8.38 
7.85 
172 
 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
 
 
0.261 
479 
 
 
0.268 
564 
 
 
0.049 
437 
 
 
0.050 
448 
 
 
0.075 
509 
 
 
0.099 
476 
 
 
0.115 
471 
 
 
0.131 
509 
 
 
0.143 
510 
 
 
0.141 
494 
Centrifuge Harvest Weight = 529 gram 
 
Day 5 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
25.7 
8.56 
8.47 
 
 
0.287 
745 
25.3 
8.29 
6.02 
 
 
0.309 
731 
24.6 
8.73 
8.68 
 
 
0.088 
602 
23.7 
8.78 
7.81 
 
 
0.091 
606 
23.6 
8.99 
7.75 
 
 
0.116 
623 
23.7 
9.02 
7.84 
 
 
0.116 
626 
23.6 
8.83 
7.34 
 
 
0.155 
645 
23.6 
8.71 
7.60 
 
 
0.138 
671 
22.9 
8.62 
7.85 
 
 
0.144 
670 
23.3 
8.52 
7.64 
 
 
0.200 
789 
Centrifuge Harvest Weight = 575 gram 
 
Day 6 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.7 
8.51 
7.60 
 
 
0.311 
523 
25.7 
8.79 
9.06 
 
 
0.310 
482 
27.8 
8.45 
7.40 
 
 
0.045 
513 
24.2 
7.93 
7.62 
 
 
0.023 
463 
24.3 
8.58 
7.85 
 
 
0.052 
452 
24.2 
8.54 
7.60 
 
 
0.081 
469 
24.1 
8.30 
8.35 
 
 
0.110 
455 
24.1 
8.32 
8.43 
 
 
0.040 
457 
23.4 
8.28 
8.45 
 
 
0.116 
450 
23.8 
8.31 
8.60 
 
 
0.137 
514 
Centrifuge Harvest Weight = 589 gram 
 
Day 7 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
173 
 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.4 
9.07 
8.52 
 
 
0.324 
472 
4695 
25.8 
8.60 
6.35 
 
 
0.336 
547 
3580 
25.1 
7.93 
7.17 
 
 
0.030 
609 
507 
24.7 
7.94 
7.25 
 
 
0.023 
588 
24.7 
8.21 
7.38 
 
 
0.025 
562 
24.7 
7.89 
7.34 
 
 
0.033 
535 
92 
24.7 
7.63 
7.18 
 
 
0.051 
509 
24.5 
8.11 
7.60 
 
 
0.092 
501 
24.0 
7.92 
7.50 
 
 
0.128 
500 
24.3 
8.01 
7.72 
 
 
0.155 
511 
913 
Centrifuge Harvest Weight = 581 gram 
 
Day 8 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.7 
8.72 
7.32 
 
 
0.360 
771 
4318 
25.2 
8.83 
8.95 
 
 
0.322 
791 
3811 
25.2 
7.58 
7.23 
 
 
0.008 
714 
168 
24.8 
8.20 
7.50 
 
 
0.006 
661 
25.0 
8.62 
7.64 
 
 
0.008 
666 
24.8 
8.10 
7.63 
 
 
0.023 
634 
66 
24.9 
8.03 
7.97 
 
 
0.022 
645 
24.9 
8.56 
7.61 
 
 
0.044 
613 
24.2 
7.97 
7.71 
 
 
0.038 
587 
24.6 
8.71 
7.70 
 
 
0.062 
608 
461 
Centrifuge Harvest Weight = 368 gram 
 
Data Set C: HISTAR Run With Fixed Qtb Rate, Qf = 1.00 L min
-1
 
 
Day 0 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
27.0 
9.09 
6.82 
11.0 
2.2 
0.350 
752 
25.7 
8.97 
8.59 
9.5 
2.6 
0.322 
787 
25.7 
8.31 
7.58 
10.3 
4.0 
0.038 
706 
25.3 
8.35 
7.44 
 
 
0.049 
488 
25.3 
8.44 
7.66 
 
 
0.069 
474 
25.3 
8.48 
7.09 
9.2 
3.0 
0.078 
556 
25.3 
8.56 
7.82 
 
 
0.102 
567 
25.2 
8.54 
7.13 
 
 
0.083 
563 
24.8 
8.57 
7.41 
 
 
0.140 
585 
25.1 
8.63 
7.79 
7.2 
2.5 
0.117 
593 
174 
 
Cell count (cells µL
-1
) 4390 3627 462 461 185 
Centrifuge Harvest Weight = 947 gram 
 
Day 1 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
27.2 
8.75 
6.90 
 
 
0.326 
628 
4585 
25.6 
8.48 
6.75 
 
 
0.354 
645 
3489 
25.7 
8.88 
6.37 
10.1 
4.3 
0.023 
615 
170 
25.1 
7.73 
6.73 
 
 
0.030 
589 
25.3 
8.60 
7.00 
 
 
0.069 
651 
25.3 
8.05 
6.63 
8.8 
3.7 
0.077 
563 
304 
25.4 
8.73 
7.02 
 
 
0.074 
618 
25.3 
8.27 
7.32 
 
 
0.071 
595 
24.7 
8.18 
7.50 
 
 
0.083 
582 
25.0 
8.20 
7.38 
7.5 
2.6 
0.125 
607 
498 
Centrifuge Harvest Weight = 1,028 gram 
 
Day 2 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
27.0 
9.26 
7.26 
9.2 
3.6 
0.329 
521 
4441 
25.9 
9.11 
7.82 
12.3 
2.3 
0.330 
520 
4073 
25.8 
8.00 
6.05 
12.2 
4.1 
0.025 
555 
295 
25.4 
8.09 
5.93 
11.2 
3.8 
0.021 
546 
25.4 
8.39 
6.22 
11.1 
4.0 
0.038 
515 
25.5 
8.53 
6.45 
10.7 
2.9 
0.071 
482 
538 
25.5 
8.60 
6.74 
10.2 
2.7 
0.076 
473 
25.4 
8.53 
5.84 
9.4 
2.3 
0.063 
474 
24.9 
8.49 
6.34 
9.2 
2.4 
0.083 
463 
25.2 
8.66 
6.52 
8.9 
2.0 
0.095 
461 
459 
Centrifuge Harvest Weight = 647 gram 
 
Day 3 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
26.8 
9.10 
7.61 
 
26.0 
9.07 
6.99 
 
25.8 
8.31 
6.94 
11.0 
25.5 
8.12 
6.86 
 
25.6 
8.46 
6.47 
 
25.5 
8.67 
6.67 
10.4 
25.4 
8.66 
6.89 
 
25.4 
8.41 
6.31 
 
25.1 
8.53 
6.29 
 
25.0 
8.67 
6.67 
 
175 
 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
 
0.380 
555 
4581 
 
0.343 
541 
3932 
3.0 
0.026 
567 
212 
 
0.023 
561 
 
0.040 
559 
3.3 
0.058 
501 
392 
 
0.058 
521 
 
0.053 
514 
 
0.074 
541 
 
0.091 
520 
563 
Centrifuge Harvest Weight = 444 gram 
 
Day 4 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.7 
8.73 
6.18 
 
 
0.333 
632 
4054 
25.3 
8.88 
9.11 
 
 
0.352 
678 
3610 
25.3 
7.62 
6.52 
 
 
0.032 
599 
175 
24.6 
7.86 
7.02 
 
 
0.019 
618 
24.9 
7.76 
7.03 
 
 
0.030 
666 
25.2 
7.03 
7.05 
 
 
0.057 
671 
747 
25.3 
6.93 
7.02 
 
 
0.035 
665 
25.2 
7.73 
7.48 
 
 
0.053 
670 
24.7 
7.16 
7.76 
 
 
0.060 
657 
25.1 
7.98 
7.76 
 
 
0.087 
647 
1041 
Centrifuge Harvest Weight = 406 gram 
 
Day 5 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.8 
8.98 
8.41 
 
 
0.295 
491 
4780 
25.5 
8.60 
8.11 
 
 
0.336 
641 
2852 
25.6 
7.75 
6.57 
 
 
0.023 
634 
273 
25.1 
7.77 
6.87 
 
 
0.012 
610 
25.2 
7.83 
7.18 
 
 
0.011 
601 
25.1 
7.71 
6.89 
 
 
0.045 
615 
1301 
25.2 
7.48 
7.47 
 
 
0.039 
641 
25.1 
8.33 
7.13 
 
 
0.056 
658 
24.7 
7.51 
7.11 
 
 
0.068 
643 
25.0 
8.67 
7.58 
 
 
0.073 
663 
2276 
Centrifuge Harvest Weight = 446 gram 
 
Day 6 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 27.1 25.6 25.5 24.7 24.9 25.0 25.1 25.1 24.5 24.7 
176 
 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
8.84 
6.47 
 
 
0.329 
615 
4361 
8.73 
8.45 
 
 
0.322 
622 
2949 
8.10 
6.55 
 
 
0.036 
542 
415 
8.12 
7.45 
 
 
0.029 
559 
8.41 
7.35 
 
 
0.033 
583 
8.57 
8.03 
 
 
0.067 
590 
1332 
8.56 
7.85 
 
 
0.052 
608 
8.46 
7.72 
 
 
0.058 
613 
8.48 
7.42 
 
 
0.077 
617 
8.60 
8.12 
 
 
0.111 
626 
2133 
Centrifuge Harvest Weight = 323 gram 
 
Data Set D: HISTAR Run With Controlled Qtb Rate at Qf = 1.00 L min
-1
, Run I 
 
Day 0 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.3 
7.52 
8.89 
46.2 
49.0 
0.458 
1239 
5376 
24.8 
7.57 
8.64 
36.1 
42.9 
0.441 
1246 
4454 
27.1 
7.11 
7.15 
48.1 
57.9 
0.074 
1285 
867 
25.5 
8.10 
7.66 
41.9 
54.3 
0.107 
1115 
1315 
25.4 
8.79 
7.68 
41.6 
49.1 
0.147 
977 
1781 
25.5 
9.07 
7.86 
33.2 
40.2 
0.170 
981 
2253 
25.2 
9.25 
7.40 
31.0 
36.9 
0.185 
932 
2778 
24.9 
9.32 
7.21 
33.6 
41.8 
0.204 
934 
3080 
24.3 
9.38 
7.18 
37.9 
43.0 
0.223 
986 
3317 
24.3 
8.92 
7.26 
10.8 
16.1 
0.231 
951 
3588 
Centrifuge Harvest Weight =  gram 
 
Day 1 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.2 
8.63 
7.62 
47.8 
54.0 
0.434 
1251 
3652 
25.4 
8.56 
7.42 
46.4 
54.2 
0.322 
1200 
2331 
26.9 
7.16 
6.81 
50.1 
63.0 
0.079 
1298 
576 
25.7 
7.75 
7.65 
47.6 
61.1 
0.107 
1100 
783 
25.6 
8.41 
7.67 
47.9 
58.4 
0.151 
1055 
1128 
25.5 
8.82 
7.20 
44.1 
52.6 
0.166 
1075 
1441 
25.3 
8.96 
7.10 
44.2 
52.6 
0.184 
1000 
1696 
25.1 
8.95 
7.18 
43.9 
52.2 
0.191 
956 
1910 
24.6 
9.00 
7.14 
40.0 
49.2 
0.202 
956 
2120 
24.8 
9.12 
6.95 
38.9 
47.9 
0.204 
941 
2167 
177 
 
Centrifuge Harvest Weight = 388 gram 
 
Day 2 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.1 
7.51 
7.39 
56.8 
65.0 
0.366 
1451 
2144 
25.5 
7.50 
8.05 
56.1 
66.2 
0.264 
1463 
1433 
27.0 
7.15 
7.10 
59.4 
77.3 
0.052 
1440 
274 
25.7 
7.70 
7.39 
59.6 
71.2 
0.075 
1390 
404 
25.6 
8.29 
7.51 
57.4 
65.8 
0.108 
1350 
559 
25.7 
8.62 
7.45 
58.3 
64.9 
0.133 
1353 
736 
25.3 
8.75 
7.12 
56.4 
64.9 
0.162 
1297 
905 
25.2 
8.89 
7.00 
54.3 
61.3 
0.176 
1282 
1092 
24.7 
8.98 
7.02 
54.5 
59.9 
0.186 
1240 
1224 
24.8 
8.98 
7.07 
52.7 
58.3 
0.195 
1233 
1230 
Centrifuge Harvest Weight = 395 gram 
 
Day 3 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.4 
7.30 
7.08 
56.9 
60.9 
0.242 
1272 
1387 
25.3 
7.30 
7.82 
145.8 
71.5 
0.172 
1165 
987 
27.3 
7.02 
7.12 
58.0 
65.5 
0.029 
1296 
145 
25.8 
7.47 
7.55 
61.4 
66.7 
0.043 
1215 
195 
25.6 
7.93 
7.80 
58.9 
65.3 
0.063 
1192 
268 
25.6 
8.25 
7.93 
56.8 
59.4 
0.085 
1201 
361 
25.4 
8.46 
7.90 
57.2 
58.9 
0.110 
1140 
475 
25.1 
8.57 
7.60 
58.2 
60.7 
0.128 
1090 
587 
24.6 
8.64 
7.58 
48.3 
49.6 
0.144 
1143 
656 
24.9 
8.74 
7.76 
80.4 
63.7 
0.152 
1057 
667 
Centrifuge Harvest Weight = 401 gram 
 
Day 4 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
26.5 
7.49 
7.28 
54.7 
66.9 
25.4 
7.59 
8.25 
53.3 
65.5 
27.3 
7.30 
6.92 
45.9 
58.8 
25.9 
7.44 
7.55 
52.1 
68.9 
26.1 
7.61 
7.25 
52.3 
67.5 
25.6 
7.71 
7.09 
54.9 
69.7 
25.4 
7.73 
7.15 
54.6 
70.5 
26.7 
7.87 
6.85 
55.1 
69.0 
24.7 
7.84 
6.92 
55.4 
68.8 
24.9 
8.07 
7.01 
54.1 
65.5 
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OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
0.127 
1405 
587 
0.149 
1298 
674 
0.027 
1267 
132 
0.031 
1411 
148 
0.033 
1395 
141 
0.037 
1364 
167 
0.045 
1474 
222 
0.060 
1420 
265 
0.074 
1393 
305 
0.093 
1429 
389 
Centrifuge Harvest Weight = 356 gram 
 
Day 5 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.7 
7.40 
6.85 
46.6 
60.1 
0.082 
1247 
260 
25.3 
7.60 
7.55 
43.5 
54.9 
0.147 
1262 
398 
27.3 
6.96 
6.74 
26.8 
37.0 
0.018 
1305 
39 
26.1 
7.32 
7.13 
23.4 
33.6 
0.012 
1374 
48 
25.9 
7.47 
6.96 
51.1 
65.9 
0.015 
1220 
53 
25.8 
7.53 
6.70 
52.1 
69.1 
0.017 
1197 
62 
25.7 
7.59 
6.74 
49.3 
65.7 
0.028 
1188 
75 
25.4 
7.63 
7.03 
49.8 
63.9 
0.026 
1353 
89 
24.9 
7.61 
7.00 
50.6 
65.9 
0.029 
1322 
108 
25.2 
7.56 
6.67 
52.8 
68.3 
0.036 
1192 
146 
Centrifuge Harvest Weight = 223 gram 
 
Data Set E: HISTAR Run With Controlled Qtb Rate at Qf = 1.00 L min
-1
, Run II 
 
Day 0 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.9 
7.85 
8.92 
39.3 
65.0 
0.458 
1449 
4697 
25.3 
7.83 
9.05 
34.5 
61.5 
0.478 
1347 
5420 
27.1 
7.19 
8.40 
59.8 
78.4 
0.071 
1585 
838 
25.6 
8.11 
8.87 
55.4 
76.1 
0.126 
1479 
1301 
25.0 
8.79 
9.03 
51.4 
65.8 
0.187 
1396 
1780 
25.6 
9.09 
8.36 
46.1 
58.8 
0.214 
1332 
2387 
25.6 
9.32 
8.60 
42.6 
54.2 
0.232 
1279 
3056 
25.5 
9.37 
8.40 
40.5 
53.1 
0.242 
1235 
3413 
25.1 
9.38 
8.33 
37.1 
48.7 
0.258 
1206 
3418 
25.1 
7.01 
9.02 
34.9 
53.1 
0.235 
1218 
3720 
Centrifuge Harvest Weight =  gram 
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Day 1 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
26.6 
7.95 
8.28 
40.9 
67.7 
0.406 
1497 
3117 
25.2 
7.93 
8.47 
36.2 
65.8 
0.427 
1403 
3564 
26.8 
7.15 
8.27 
62.2 
80.5 
0.041 
1598 
318 
25.6 
7.42 
8.68 
58.4 
76.6 
0.074 
1534 
581 
25.7 
7.86 
9.02 
57.3 
75.5 
0.121 
1520 
851 
25.6 
8.57 
8.63 
55.1 
72.7 
0.184 
1478 
1260 
25.6 
8.35 
8.76 
51.3 
68.5 
0.200 
1437 
1598 
25.4 
7.99 
8.79 
47.7 
66.8 
0.193 
1377 
1992 
24.9 
8.08 
8.71 
42.7 
61.7 
0.219 
1326 
2294 
25.1 
7.80 
8.79 
39.3 
60.4 
0.224 
1297 
2565 
Centrifuge Harvest Weight = 271 gram 
 
Day 2 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
25.8 
7.76 
6.73 
45.7 
72.4 
0.230 
1528 
1130 
25.8 
7.95 
6.32 
37.6 
65.7 
0.299 
1450 
1948 
27.4 
7.10 
7.25 
55.0 
75.2 
0.013 
1480 
74 
26.2 
7.38 
7.82 
55.6 
75.3 
0.021 
1473 
131 
26.0 
7.60 
7.88 
58.5 
78.0 
0.041 
1494 
203 
26.0 
7.91 
7.66 
57.9 
78.8 
0.071 
1510 
313 
26.0 
8.02 
7.87 
56.3 
76.3 
0.103 
1510 
444 
25.7 
7.94 
7.86 
55.4 
76.7 
0.124 
1490 
617 
25.0 
7.82 
7.70 
53.9 
74.5 
0.144 
1450 
793 
25.5 
7.80 
7.27 
48.6 
70.2 
0.154 
1418 
975 
Centrifuge Harvest Weight = 296 gram 
 
Day 3 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
27.2 
7.67 
8.63 
 
 
0.220 
1716 
25.9 
8.12 
8.49 
 
 
0.283 
1601 
27.0 
7.27 
7.22 
 
 
0.010 
1628 
26.1 
7.69 
8.25 
 
 
0.017 
1459 
26.2 
7.81 
8.14 
 
 
0.020 
1449 
26.3 
7.84 
7.83 
 
 
0.035 
1462 
26.1 
7.84 
7.80 
 
 
0.041 
1485 
25.9 
7.82 
8.01 
 
 
0.043 
1502 
25.4 
7.78 
8.02 
 
 
0.050 
1494 
25.8 
7.74 
7.85 
 
 
0.067 
1499 
180 
 
Cell count (cells µL
-1
) 
Centrifuge Harvest Weight = 265 gram 
Day 4 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
27.2 
7.38 
8.34 
 
 
0.204 
1715 
598 
25.6 
7.41 
8.78 
 
 
0.291 
1652 
1387 
29.7 
7.30 
6.43 
 
 
0.009 
934 
79 
28.2 
7.73 
7.62 
 
 
0.005 
1025 
47 
27.7 
7.92 
7.81 
 
 
0.008 
1116 
56 
26.9 
7.99 
7.41 
 
 
0.013 
1258 
69 
26.7 
7.75 
7.74 
 
 
0.018 
1351 
75 
26.5 
7.76 
7.91 
 
 
0.019 
1414 
25.8 
7.77 
7.86 
 
 
0.019 
1446 
25.8 
7.67 
7.68 
 
 
0.022 
1469 
98 
Centrifuge Harvest Weight = 218 gram 
 
Day 5 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
27.6 
8.07 
8.54 
 
 
0.215 
1610 
550 
26.2 
8.08 
8.42 
 
 
0.337 
1582 
1501 
28.0 
7.65 
7.63 
 
 
0.027 
1385 
70 
27.0 
8.13 
8.06 
 
 
0.026 
1242 
26.8 
8.48 
8.07 
 
 
0.024 
1131 
26.7 
8.57 
7.96 
 
 
0.019 
1079 
26.5 
8.52 
7.95 
 
 
0.021 
1099 
70 
26.4 
8.40 
8.00 
 
 
0.020 
1163 
25.9 
8.32 
7.83 
 
 
0.023 
1234 
25.9 
8.28 
7.89 
 
 
0.025 
1318 
62 
Centrifuge Harvest Weight = 76 gram 
 
Day 6 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
26.2 
8.62 
7.06 
55.1 
74.6 
24.6 
7.80 
6.45 
51.5 
77.5 
26.2 
7.41 
7.43 
51.6 
69.5 
26.1 
7.82 
8.13 
 
 
26.0 
8.08 
8.26 
 
 
26.2 
8.43 
7.97 
38.5 
52.2 
26.0 
8.42 
7.94 
 
 
25.8 
8.42 
8.22 
 
 
25.3 
8.21 
8.00 
 
 
25.8 
7.91 
7.99 
34.4 
47.2 
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OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
0.199 
1584 
518 
0.188 
1561 
603 
0.019 
1476 
86 
0.014 
1413 
0.016 
1363 
0.015 
1297 
0.015 
1228 
48 
0.013 
1176 
0.008 
1140 
0.010 
1153 
25 
Centrifuge Harvest Weight = 147 gram 
 
Data Set F: Culture Recirculation in CFSTRs 
 
Day 0 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
  26.0 
8.81 
7.99 
44.1 
58.9 
0.048 
1306 
57 
25.7 
8.93 
8.33 
 
 
0.022 
1294 
25.7 
8.93 
8.31 
 
 
0.025 
1314 
25.6 
8.94 
8.20 
 
 
0.020 
1343 
25.5 
8.97 
8.07 
50.1 
63.2 
0.024 
1363 
35 
25.6 
9.10 
8.38 
 
 
0.035 
1368 
25.2 
9.10 
8.45 
 
 
0.044 
1335 
25.3 
9.15 
8.11 
45.0 
61.1 
0.041 
1305 
24 
Centrifuge Harvest Weight = 507 gram 
 
Day 1 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
Cyanobacteria % 
  26.2 
9.25 
8.15 
42.1 
57.1 
0.025 
1352 
94 
95.5 
25.8 
9.30 
8.76 
 
 
0.043 
1330 
25.8 
9.42 
8.70 
 
 
0.039 
1321 
25.7 
9.41 
8.66 
 
 
0.054 
1318 
25.6 
9.40 
8.19 
41.6 
57.3 
0.064 
1326 
82 
92.9 
25.7 
9.56 
8.84 
 
 
0.074 
1350 
25.2 
9.48 
8.54 
 
 
0.075 
1345 
82 
91.0 
25.5 
9.52 
8.24 
43.9 
59.4 
0.103 
1356 
Centrifuge Harvest Weight = 556 gram 
 
Day 2 
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Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
Cyanobacteria % 
  26.0 
9.40 
8.33 
41.1 
57.6 
0.044 
1376 
147 
95.8 
25.5 
9.63 
8.96 
 
 
0.062 
1359 
157 
94.7 
25.8 
9.83 
9.39 
 
 
0.071 
1359 
156 
93.8 
25.5 
9.78 
8.77 
 
 
0.088 
1349 
194 
93.7 
25.5 
9.86 
8.65 
38.1 
52.3 
0.115 
1339 
207 
93.5 
25.5 
9.95 
9.31 
 
 
0.125 
1361 
168 
93.7 
24.5 
9.87 
8.58 
 
 
0.124 
1343 
195 
93.0 
25.5 
9.84 
8.45 
40.6 
55.8 
0.121 
1365 
213 
92.5 
Centrifuge Harvest Weight = 480 gram 
 
Day 3 
Parameter T1 T2 CFSTR1 CFSTR2 CFSTR3 CFSTR4 CFSTR5 CFSTR6 CFSTR7 CFSTR8 
T (°C) 
pH 
DO (mg L
-1
) 
NO3-N (mg L
-1
) 
PO4-P (mg L
-1
) 
OD at λ=664 nm 
Cond. (µsiemens cm-1) 
Cell count (cells µL
-1
) 
Cyanobacteria % 
  26.1 
9.63 
8.18 
34.2 
48.2 
0.039 
1257 
149 
96.2 
25.4 
9.95 
8.75 
36.7 
52.7 
0.057 
1297 
168 
94.4 
25.5 
10.13 
8.89 
37.4 
56.1 
0.076 
1321 
284 
96.10 
25.3 
10.16 
8.51 
37.5 
54.9 
0.102 
1324 
389 
96.6 
25.3 
10.18 
8.42 
35.9 
51.3 
0.128 
1315 
353 
94.6 
25.7 
10.28 
8.59 
37.5 
55.2 
0.139 
1330 
352 
95.0 
25.0 
10.19 
8.43 
36.5 
52.8 
0.147 
1301 
334 
93.4 
25.2 
10.16 
8.50 
37.5 
54.4 
0.153 
1319 
199 
94.4 
Centrifuge Harvest Weight = 430 gram 
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Irradiance Profile in CFSTR 
 
The purpose of this measurement is to determine the light attenuation as the function of 
depth and concentration of the co-culture in the CFSTR tank. The scalar irradiance at various 
positions in the tank was measured using a Li-Cor LI-193 spherical quantum sensor. The scalar 
irradiance was measured at eight 6.5 cm depth increments, and at three horizontal readings taken 
at various distances from the center of the tank starting at 0 cm, 28.57 cm, and 47.62 cm from the 
center. The proportional area of each the three concentric rings was determined and used to 
determine the weighted scalar irradiance sum for the particular increment. The weighted scalar 
irradiance sum for each increment was then added together and divided with the increments total 
(8) to obtain the mean scalar irradiance at the certain biomass concentration. 
 
 
1. At biomass concentration = 0 g m-3 (water only) 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
26.0 
32.5 
39.0 
45.5 
128.9 
106.3 
94.2 
84.9 
79.1 
72.6 
66.6 
56.9 
231.6 
221.9 
205.3 
196.0 
190.7 
187.5 
175.6 
159.4 
271.7 
285.4 
280.7 
279.3 
273.8 
268.7 
249.1 
236.3 
632.1 
613.7 
580.2 
560.2 
543.6 
528.8 
491.3 
452.7 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 550.3 
 
2. At biomass concentration = 50 g m-3 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
26.0 
32.5 
39.0 
45.5 
99.9 
73.8 
52.4 
38.8 
29.3 
21.9 
18.4 
12.6 
141.7 
121.2 
98.1 
78.2 
62.6 
51.8 
42.2 
39.4 
159.3 
134.8 
114.2 
93.6 
79.3 
66.4 
58.1 
52.9 
400.9 
329.7 
264.7 
210.6 
171.1 
140.1 
118.6 
104.9 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 217.6 
 
3. At biomass concentration = 85 g m-3 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
68.0 
25.9 
14.0 
10.7 
109.9 
47.3 
32.2 
28.9 
112.5 
63.7 
55.1 
53.5 
290.3 
136.8 
101.3 
93.0 
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26.0 
32.5 
39.0 
45.5 
10.3 
10.0 
9.8 
8.9 
28.0 
27.6 
27.3 
26.3 
51.9 
50.6 
49.4 
48.5 
90.2 
88.2 
86.6 
83.6 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 121.3 
 
4. At biomass concentration = 90 g m-3 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
26.0 
32.5 
39.0 
45.5 
78.8 
42.3 
22.6 
12.2 
6.6 
4.1 
2.4 
1.6 
116.2 
69.1 
36.4 
21.8 
12.3 
7.6 
4.5 
3.5 
96.3 
62.4 
35.8 
23.1 
14.2 
9.1 
6.3 
4.5 
291.2 
173.8 
94.8 
57.2 
33.2 
20.8 
13.1 
9.6 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 86.7 
 
5. At biomass concentration = 104 g m-3 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
26.0 
32.5 
39.0 
45.5 
68.9 
26.6 
10.9 
4.4 
1.7 
0.7 
0.3 
0.2 
92.5 
36.4 
13.5 
6.2 
2.4 
1.2 
0.6 
0.3 
69.6 
30.3 
12.3 
6.0 
2.6 
1.3 
0.7 
0.5 
231.0 
93.2 
36.7 
16.6 
6.7 
3.2 
1.7 
1.1 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 48.8 
 
6. At biomass concentration = 37 g m-3 with cyanobacteria dominant culture 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
26.0 
32.5 
39.0 
45.5 
37.9 
25.7 
17.2 
11.8 
8.5 
5.7 
4.1 
3.2 
55.0 
41.3 
29.7 
23.3 
16.7 
12.9 
9.3 
7.9 
73.3 
56.7 
43.9 
33.9 
26.1 
20.4 
15.3 
10.0 
166.3 
123.7 
90.8 
69.1 
51.2 
39.1 
28.7 
21.0 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 73.7 
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7. At biomass concentration = 87 g m-3 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
26.0 
32.5 
39.0 
45.5 
33.6 
11.3 
4.3 
1.8 
0.8 
0.3 
0.2 
0.1 
46.0 
18.3 
7.3 
2.9 
1.4 
0.6 
0.3 
0.2 
36.7 
17.5 
8.2 
4.6 
2.8 
1.8 
1.3 
1.4 
116.2 
47.2 
19.9 
9.3 
5.0 
2.8 
1.8 
1.7 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 25.5 
 
8. At biomass concentration = 120 g m-3 
Depth (cm) 
Distance from center of tank (cm) 
Weighted Sum 
0 28.57 47.62 
0.0 
6.5 
13.0 
19.5 
26.0 
32.5 
39.0 
45.5 
36.1 
8.8 
2.2 
0.7 
0.2 
0.1 
0.0 
0.0 
46.7 
13.4 
4.1 
1.4 
0.4 
0.2 
0.1 
0.0 
34.9 
11.6 
4.5 
2.2 
1.6 
1.8 
1.7 
1.5 
117.7 
33.8 
10.7 
4.3 
2.3 
2.0 
1.8 
1.5 
Scalar Irradiance (µmol m
-2
 s
-1
) Mean = 21.8 
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